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Abstract 
In recent years Autism Spectrum Disorders (ASD) have been considered 
as resulting from altered connectivity between regions, which may explain 
characteristic manifestations in socio-emotional function, communication 
and repetitive behaviour observed clinically. This thesis aims to provide 
evidence for altered anatomy of networks in ASD. 
 The first step consisted in the creation of a diffusion tensor 
tractography atlas of the normal human brain derived from 40 healthy 
adults. The atlas was then used to localise the findings from a meta-
analysis of published voxel-based morphometry studies investigating white 
matter abnormalities in ASD. This analysis showed that patients with ASD 
display abnormalities in long white matter association tracts, such as the 
arcuate and uncinate fasciculus, known to be important for language and 
social cognition. 
 A second step consisted in the tractography analysis of limbic and 
cerebellar tracts  in a small pilot study. Our findings confirmed differences 
in the the uncinate tract in ASD and in addition we found differences in the 
cingulum and major intracecebellar and cerebellar output tract. 
 Finally, Tract-Based Spatial Statistics (TBSS) and tractography 
analysis of a multi-centre, case-control study was performed on 61 
individuals  with ASD and 61 controls. Differences  in the frontal 
connections of the arcuate fasciculus, uncinate fasciculus, cingulum and 
corpus callosum were found. Tract specific measurements  in the arcuate 
and uncinate were associated with a history of delayed echolalia and 
impaired used of face expression in childhood, respectively.  
 In conclusion these series  of studies show that ASD are associated 
with specific structural abnormalities of the limbic, language and 
interhemispheric white matter fibres.  Differences in white matter anatomy 
were localised in major connections to the frontal lobe and associated with 
specific autistic features and traits in chilldhood. These results  are 
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Autism Spectrum Disorders (ASD) refer to a group of neurodevelopmental 
conditions - Autistic Disorder, Asperger’s Syndrome, and Pervasive 
Developmental Disorder Not Otherwise Specified (PDD-NOS) - 
characterized by impairment in social interactions, communication, and the 
presence of repetitive and restrictive patterns of interests and behaviours 
(APA, 2000). Collectively, ASD affect 1 of 100 children  with a female/male 
sex ratio of 1:4 (Baird et al., 2006). These disorders can be considered 
along a continuum of severity, ranging from Autistic Disorder, often 
featuring co-morbid mental retardation, to Asperger’s syndrome, 
characterized by typical language development and normal to superior 
intelligence. 
Over the past two decades, much effort has  been put into discovering a 
specific neural correlate for the socio-emotional, communication and 
behaviour deficits  that are ubiquitous  across the autism spectrum.  Early 
post-mortem histological studies reported reduced neural size and 
increased packing density within the cerebellar cortex, frontal and 
temporal grey matter, amygdala, hippocampus, and anterior cingulate 
gyrus in ASD (Bauman and Kemper, 2005; Bailey et al., 1998). However, 
these studies had most often examined small samples of individuals with 
Autistic Disorder, impaired intelligence, and co-morbid seizure disorder. 
Therefore, results may have been confounded by co-morbid conditions, 
and limited with respect to generalizability across the autism spectrum.
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Structural MRI studies have provided the means  for large-scale in vivo 
examination of brain structure in ASD. The more consistent finding from 
cross-sectional volumetric MRI studies consists in an increased volume or 
‘overgrowth’ of broad lobar regions in early childhood ASD (Carper and 
Courchesne, 2005; Courchesne et al., 2007). Much of the increased brain 
volume is attributable to enlarged cerebral white matter, in particular, the 
dorsolateral and medial frontal and occipital areas involved in social 
cognition (Courchesne et al., 2001; Carper et al., 2002) are found to be 
abnormally large in 90% of autistic children (Aylward et al., 2002).  Thus, it 
is  seems likely that the abnormal pattern of brain growth is associated with 
deficits in neural organization, and the connectivity of key brain systems.  
The use of functional imaging methods (e,g. PET or fMRI) (Di Martino et 
al., 2009) supported a ‘disconnectivity hypothesis” in ASD and allowed to 
understand the consequences of structural abnormalities on the activity of 
brain regions involved in social cognition (Belmonte et al., 2004). In 
paradigms involving social stimuli, individuals with ASD often exhibit 
decreased probability for activation of socio-emotional structures (i.e., 
pregenual anterior cingulate cortex, right amygdala, left fusiform gyrus, 
anterior insula, and posterior cingulate cortex) and increased activity in 
posterior sensory regions (e.g. postcentral gyrus, posterior superior 
temporal gyrus, inferior occipital gyrus, and postero-lateral fusiform gyrus). 
More recent analysis of functional data suggest that subjects with ASD 
have impaired connectivity within extended socio-emotional and language 
processing network (Pelphrey and Carter, 2008). However, the potential 
underlying anatomical mechanisms relating to disruption of these networks 
remain unclear. 
 
Some authors  have proposed aberrant white matter development (e.g. 
myelination) as a potential contributor to the etiology of the ASD (1-5). 
Diffusion Tensor Imaging (DTI), an MRI-based neuroimaging tool that can 
infer properties  of white matter microstructure in vivo by quantifying 
movement of water molecules in white matter regions (Basser et al., 
9
2000), offers  the possibility of studying the in vivo white matter anatomy of 
fibres. In neuropsychiatric conditions, DTI can be used to examine white 
matter for signs of impaired connections within neural circuits that might 
explain the complex symptoms that characterize these disorders (Akil et 
al., 2010). For instance, in schizophrenia, DTI analysis of language and 
limbic tracts provide support for theory that alterations in connectivity and 
myelination influence illness pathogenesis (Seal et al., 2008, Voineskos et 
al., 2010, Koch et al., 2011) and correlate with specific psychotic 
symptoms (e.g. hallucinations) (Catani et al., 2011).
1.2 Scope of thesis
This  thesis aims to use DTI to provide direct evidence for altered white 
matter connectivity as an underlying neural substrate for socio-emotional 
and language dysfunction in ASD. 
The first introductory chapters provide a general overview of DTI (Chapter 
2) and the functional anatomy of white matter pathways underlying 
language and communication (Chapter 3), socio-emotional processing 
(Chapter 4), inter-hemispheric communication (Chapter 5) and fronto-
cerebellar interaction (Chapter 6).  
Experiment 1. The first step towards a comprehensive examination of the 
connections in ASD consists in the creation of a tractography atlas of the 
major white matter tracts in a standard space of reference (MNI) (Chapter 
7). The atlas is then used to localise the results of the first-ever meta-
analysis of whole-brain white matter volume studies in ASD presented in 
Chapter 8. The results lead to initial hypotheses on the core circuitry most 
likely implicated in ASD. The regions identified as abnormal include white 
matter tracts involved in language and social cognition. 
Experiment 2. As a proof of concept tractography analysis  was carried out 
in a small sample of subjects with ASD. The results of the measurements 
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of the cerebellar and limbic tracts are presented in Chapter 9 and 10, 
respectively. 
Experiment 3. The results of Tract-based Spatial Statistics  and 
tractography analysis of a multi-centre study (AIMS-MRC) are presented in 
Chapter 11. These results confirm and extend the findings derived from 
the meta-analysis presented in Chapter 8 and suggest a role of abnormal 
white matter development in ASD. In particular the association between 
between tract-specific differences and clinical symptoms suggests that 
ASD is a neurodevelopmental disorder linked to aberrant connectivity of 
specific language and limbic association pathways which underlies 
communication and social-emotion deficits. 
11
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OVERVIEW OF DIFFUSION MAGNETIC 
RESONANCE IMAGING
2.1. Introduction
Diffusion tractography is a magnetic resonance imaging (MRI) method for 
the in vivo quantification of tissue microstructural features (e.g. axonal 
composition, degree of myelination, cohesiveness of bundles, etc.) and 
the virtual reconstruction of white matter trajectories. Diffusion-weighted 
MRI pulse sequences are sensitive to the displacement of water 
molecules within biological tissues. Water displacement follows Einstein’s 
equation: 
〈r2〉 = 6Dt
where the mean squared displacement 〈r2〉 is directly proportional to the 
observation time (t). Given a body temperature of 37°C, the diffusion 
coefficient of free water (D) is about 3×10−3 mm2 s−1. Thus, within a voxel 
containing, for example, cerebrospinal fluid (CSF), where D is  very close 
to the coefficient of free water, the water molecules will displace randomly 
on an average distance of 20 µm in all directions in about 20 ms. This  is 
true only if the water molecules are allowed to move freely, which is not 
the case for the water contained in the nervous tissue where the presence 
of cell membranes, proteins, myelin, intracellular filaments, organelles, 
and so forth hinders the water displacement. It follows that the 
displacement and, therefore, the diffusion coefficient in brain tissue are 
smaller than in free water. This  is partly why the term ‘apparent diffusion 
coefficient’ (ADC) was coined, to reflect the fact that in the tissue the water 
diffusion is hindered by several ‘biological barriers’ (Tanner, 1978; Le 
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Bihan et al., 1986). One of the first applications of diffusion imaging has 
been in stroke. In 1990 Moseley et al. found that the pathological changes 
that occur in ischaemic tissue affect the diffusivity of water leading to a 
general reduction of ADC. These changes in diffusivity occur within a few 
hours from the onset of the stroke, thus offering the possibility of 
visualizing with diffusion imaging early ischaemic-related modifications 
that are not visible using other structural MRI sequences.
In a normal isotropic (i.e. its  physical properties are identical in all 
directions) tissue, the diffusion of water molecules is reduced equally 
along all orientations. This is the case, for example, of the grey matter in 
the subcortical nuclei or the cerebral cortex (Figure 2.1). 
Other tissues, like the white matter in the cerebrum and the spinal cord are 
anisotropic. Here, the fibres show a parallel orientation and the axonal 
membranes, together with the myelin sheets, represent the greatest 
biological barrier to the diffusivity of water. Hence, the ADC measured 
along a direction perpendicular to the fibers is always lower compared to 
the ADC measured along the main direction of the fibres. Diffusion in 
anisotropic white matter is  therefore characterized by having a preferential 
direction, which varies according to the main orientation of the fibers. 
In diffusion MRI the signal is usually sensitized to the displacement of 
water molecules along a selected direction. The ADC measurement is 
therefore strictly dependent on the chosen direction, and the ADC values 
within a voxel of white matter differ according to the selected direction. In 
other words, the measurement of the ADC inside the white matter is 
orientationally-variant.
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Figure 2.1 Histological sections of the A) cerebral cortex and B) white 
matter fibres in the human brain. The two tissues differ in their 
microstructural organization and composition of their biological 
constituents. In the middle, an axial ADC map of the human brain is shown 
together with the visualization of the 3D displacement of a water molecule 
in regions with different degrees of anisotropy and diffusivity: 1) low 
isotropic diffusivity in the frontal cortex where the overall displacement is 
equally hindered in all directions; 2) high isotropic diffusivity in the cerebro-
spinal fluid of the lateral ventricles; 3) oblique anisotropic diffusivity along 
the lateral fibres of the genu in the forceps minor; 4) oblique anisotropic 
diffusivity along the lateral fibres of the splenium in the forceps major. Note 
that in 1) and 2) the movement of water molecules is random in all 
directions but in 1) is  more restricted than in 2) due to the presence of 
biological barriers. This  is reflected in the difference of the grey level 
between the voxels of the two regions. Also the distinction between grey 
matter, white matter, and cerebro-spinal fluid is  not always possible in this 
image due to the different orientation of the underlying white matter tissue 
in some brain regions. For example, the central part of the splenium has 
bright voxels that are similar to those of the lateral ventricles containing 
cerebro-spinal fluid.
490   Atlas of Human Brain Connections
The Atlas of Human Brain Connections is based on diffusion tensor 
methods developed in the last 15 years. An overview of these 
methods is given in this appendix and Appendix II; limitations and 
future directions are also discussed.
Diffusion tractography is a magnetic resonance imaging (MRI) 
method for the in vivo quantifi cation of certain microstructural 
characteristics of a tissue (e.g. axonal composition, degree of myeli-
nation, cohesiveness of bundles, etc.) and the virtual reconstruction 
of white matter trajectories. The diffusion-weighted MRI pulse 
sequences are sensitive to the displacement of water molecules 
within biological tissues that follows Einstein’s equation, where the 
mean squared disp acement 〈r2〉 is directly proportiona  to he 
observation time (t) according to: 
〈r2〉 = 6Dt
Given a body temperature of 37°C, the diffusion coeffi cient of 
free water (D) is about 3×10−3 mm2s−1. Thus, within a voxel con-
taining, for example, cerebrospinal fl uid (CSF), where D is very close 
to the coeffi cient of free water, the water molecules will displace 
randomly on an average distance of 20 µm in all directions in about 
20 ms. This is true only if the water molecules are allowed to move 
freely, which is not the case for the water contained in the nervous 
tissue where the presence of cell membranes, proteins, myelin, 
intracellular fi laments, organelles, and so forth hinders the water 
displacement. It f llows that the displaceme t and, therefore, the 
diffusion coeffi cient in brain tissue are smaller than in free water. 
This is partly why the term ‘apparent diffusion coeffi cient’ (ADC) 
as coined, to refl ct the fact that in the tissue the water diffusion 
is hindered by several ‘biological barriers’ (Tanner, 1978; Le Bihan 
et al., 1986). One of the fi rst applications of diffusion imaging has 
been in stroke wher  Mos ley et al. (1990) found that th  patho-
logical changes that occur in ischaemic tissue affect the diffusivity 
of water leading to a general reduction of ADC. These changes in 
diffusivity occur within a few hours from the onset of the stroke, 
thus offering the possibility of visualizing with diffusion imaging 
early ischaemic-related modifi cations that are not visible using 
other structural MRI sequences. 
A) Isotropic tissue (cerebral cortex) C) Anisotropic tissue (white matter) 





Figure A1.1 Histological sections of the A) cerebral cortex and B) white matter fi bres in the human brain. The two tissues differ in their microstructural 
organization and composition of their biological constituents. In the middle, an axial ADC map of the human brain is shown together with the visualization of 
the 3D displacement of a water molecule in regions with different degrees of anisotropy and diffusivity: 1) low isotropic diffusivity in the frontal cortex where 
the overall displacement is equally hindered in all directions; 2) high isotropic diffusivity in the cerebro-spinal fl uid of the lateral ventricles; 3) oblique anisotropic 
diffusivity along the lateral fi bres of the genu in the forceps minor; 4) oblique anisotropic diffusivity along the lateral fi bres of the splenium in the forceps major. 
Note that in 1) and 2) the movement of water molecules is random in all directions but in 1) is more restricted than in 2) due to the presence of biological barriers. 
This is refl ected by the difference in grey level between the voxels of the two regions. Also the distinction between grey matter, white matter, and cerebro-spinal 
fl uid is not always possible in this image due to the different orientation of the underlying white matter tissue in some brain regions. For example, the central part 
of the sple ium has bright voxels that are similar to thos  of the lateral vetnricles containing cerebr -spinal fl uid. 
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The orientationally-variant property of the ADC represents a problem for 
the exact interpretation of regional changes in the diffusion signal, 
especially for those lesions localized within specific tracts where the 
decrease of ADC could be either due to pathological changes or simply be 
related to a different orientation of the fibres (Moseley and Kucharczyk, 
1991; Le Bihan et al., 2001). For this reason the ADC is usually measured 
along three axes and the mean ADC calculated for clinical purposes. As 
we will see in the next section, the orientationally-variant characteristic of 
the diffusion signal can offer additional information about the orientation of 
the fibres and used to reconstruct virtual trajectories of tracts in the living 
brain.
2.2 Diffusion tensor imaging
In 1994, Peter Basser, James Mattiello, and Denis  Le Bihan published a 
seminal paper in diffusion imaging where they showed that if the water 
diffusion is measured along at least six different directions, it is possible to 
obtain a mathematical description of the overall displacement of water 
molecules, the diffusion tensor (Basser et al., 1994). The tensor provides a 
synthetic description of the water diffusion in the three-dimensional space 
and it can be used to extract quantitative indices that are rotationally 
invariant (i.e. independent from the orientation of the measurement). The 
diffusion tensor can also be visualized as  a diffusion ellipsoid (Figure 
2.2B). The diffusion ellipsoid describes the 3D geometrical profile of the 
water molecule displacement and it can be calculated from the diffusion 
coefficient values (eigenvalues) and orientations (eigenvectors) of its  three 
principal axes.
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Figure 2.2 A) Monodirectional ADC maps where the signal is sensitized to 
the displacement of water molecules  along the three orthogonal planes  (x, 
latero-lateral direction; y, antero-posterior; z, superior-inferior). The fibres 
of the internal capsule and splenium have a similar arrangement and 
composition but different orientation. Hence, the monodirectional ADC 
values can differ according to the direction of the measured diffusivity. In 
the first figure (x-direction), the fibres of the internal capsule (blue circle) 
are perpendicular to the diffusion direction along the x-axis  and therefore 
show a lower diffusivity compared to those of the central portion of the 
splenium (red circle), which are parallel to the x directions. The diffusivity 
of the voxels containing fibres of the internal capsule and splenium 
changes in the other two examples where diffusivity is measured along the 
y-axis (i.e. anterior-posterior) and z-axis (dorso-ventral). (Modified from 
Jones, 2008). B) Visualization of the diffusion tensor as a diffusion 
ellipsoid. The size and the shape are defined by the three eigenvalues (λ1, 
λ2, λ3 in red) while the spatial orientation is described by the three 
eigenvectors (v1, v2, v3 in blue). In biological tissues  the tensor can vary 
between three possible configurations: i) axial anisotropy (where λ1 is 
greater than λ2 and λ3), which is  typical of voxels containing parallel 
fibres; ii) planar anisotropy (when λ1 is similar to λ2 and greater than λ3), 
which is  common in voxels containing, for example, two groups of crossing 
or diverging fibres; iii) isotropy (when all three eigenvalues are similar), 
which is commonly observed, for example, in the grey matter (Catani and 
Dell’acqua, 2011).
Introduction to diffusion tensor imaging tractography   491
In the normal isotropic tissue (i.e. its physical properties are iden-
tical in all directions), the diffusion of water molecules is reduced 
equally along all orientations. This is the case, for example, of the 
grey matter in the subcortical nuclei or the cerebral cortex. Other 
tissues, like the white matter in the cerebrum and the spinal cord 
are anisotropic. Here, the fi bres are parallelly oriented and the 
axonal membranes, together with the myelin sheets, represent the 
greatest biological barrier to the diffusivity of water. Hence, the 
ADC measured along a direction perpendicular to the fi bers is 
always lower compared to the ADC measured along the direction 
of th  fi br s. Diffusion in anisotropic white matter is therefore char-
acterized by having a preferential direction, which varies according 
to the main orientation of the fi bers. (Figure A1.2). 
In diffusion MRI the signal is usually sensitized to the displace-
ment of water molecules long a selected direction. The ADC 
measurement is therefore strictly dependent on the chosen direc-
tion, and the ADC values within a voxel of white matter differ 
accordi g to the sele ted direction. In other words, the measure-
ment of the ADC inside the white matter is orientationally-variant.
The orientationally-variant property of the ADC represents a prob-
lem for the exact interpretation of regional changes in the diffusion 
signal, especially for those lesions localized within specifi c tracts 
where the decrease of ADC could be either due to pathological 
changes or simply be related to a different orientation of the fi bres 
(Moseley and Kucharczyk, 1991; Le Bihan et al., 2001). For this reason 
the ADC is usually measured along three axes and the mean ADC 
calculated for clinical purposes. As we will see in the next section, the 
orientationally-variant characteristic of the diffusion signal can offer 
additional information about the orientation of the fi bres and used to 
reconstruct virtual trajectories of tracts in the living brain. 
Figure A1.2 A) Monodirectional ADC maps where the signal is sensitized to the displacement of water molecules along the three orthogonal planes 
(x, latero-lateral direction; y, antero-posterior; z, superior-inferior). The fi bres of the internal capsule and splenium have a similar arrangement and composition 
but different orientation. Hence, the monodirectional ADC values can differ according to the direction of the measured diffusivity. In the fi rst fi gure (x-direction), 
the fi bres of the internal capsule (blue circle) are perpendicular to the diffusion direction along the x-axis and therefore show a lower diffusivity compared to those 
of the central portion of the splenium (red circle), which are parallel to the x directions. The diffusivity of the voxels containing fi bres of the internal capsule and 
splenium changes in the other two examples where diffusivity is measured along the y-axis (i.e. anterior-posterior) and z-axis (dorso-ventral). (Modifi ed from Jones, 
2008). B) Visualization of the diffusion tensor as a diffusion ellipsoid. The size and the shape are defi ned by the three eigenvalues (λ1, Ǌ2, λ3 in red) whil  the 
spatial orientation is described by the three eigenvectors (v1, v2, v3 in blue). In biological tissues the tensor can vary between three possible confi gurations: i) axial 
anisotropy (where λ1 is greater than λ2 and λ3), which is typical of voxels containing parallel fi bres; ii) planar anisotropy (when λ1 is similar to λ2 and greater than 
λ3), which is common in voxels containing, for example, wo groups of crossing or diverging fi bres; iii) isotropy (when all three eigenvalues are similar), which is 
commonly observed, for example, in the grey matter. (Catani and Dell’acqua, 2011.)
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A detailed analysis of the ellipsoids can give precise information about not 
only the average water molecular displacement  within a voxel (e.g. mean 
diffusivity, MD) but also the degree of tissue anisotropy (e.g. fractional 
anisotropy, FA) and the main orientation of the underlying white matter 
fibres (e.g. principal eigenvector or colour-coded maps) (Figure 2.3). 
These indices  provide complementary information about the 
microstructural composition and architecture of the brain tissue. 
Mean diffusivity is a quantitative index that describes the average mobility 
of water molecules and is calculated from the three eigenvalues (λ1, λ2, 
λ3) of the tensor:
Voxels containing grey and white matter tissue shows similar MD values 
(Pierpaoli et al., 1996). In the brain, normal values range from >2.0 x 10−3 
mm2/s  (in the cerebro-spinal fluid) to 0.6 and 0.9 for grey and white matter, 
respectively. MD reduces with age within the first years  of life and 
increases in those disorders characterized by demyelination, axonal injury, 
and edema.
Fractional anisotropy varies from 0 to 1 and represents  a quantitative 
index of the degree of anisotropy of the biological tissue:
High FA values indicate that one of the three eigenvalues (λ1) is greater 
than the other two (λ2 and λ3). In the normal brain, FA varies from 0.1 
(e.g. in the grey matter) to 0.8 or higher in the white matter. FA gives 
information about the organization of the tissue (e.g. strongly or weakly 
anisotropic) and the microarchitecture of the fibres  (parallel, crossing, 
etc.). FA reduces in pathological tissue (e.g. demyelination, edema, etc.) 
and is therefore commonly used as an indirect index of microstructural 
integrity.
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Figure 2.3 The diffusion tensor permits to extract quantitative indices and 
visualize maps that provide complementary information about the 
microstructural properties of biological tissues and their organization. 
Thus, for example, two regions  such as the anterior limb of the internal 
capsule (yellow arrow) and the head of the caudate nucleus (red arrow) 
have similar mean diffusivity (MD) values but different fractional anisotropy 
(FA) and tensor orientation. This  is well described by their respective 
tensor ellipsoids  that have same average ‘size’ but different shapes 
(almost spherical for the caudate nucleus) and orientation (the caudate 
nucleus has no principal orientation being an isotropic tissue). Another 
example of the complementary information provided by the different 
diffusion-derived maps are the white matter regions of the anterior limb of 
the internal capsule and the midpart of the splenium (blue arrow), which 
have similar MD and FA but different orientation of the direction of 
maximum diffusivity (visualized either using the principal eigenvector maps 
or using colour-coded maps).
Perpendicular and parallel diffusivities measure the diffusivity along the 
principal directions of the diffusion tensor. ADC// = λ1 is the longitudinal 
diffusivity; ADC⊥ = (λ2+ λ3)/2 is the perpendicular diffusivity. The 
perpendicular diffusivity is generally considered a more sensitive index for 
axonal/myelin damage, although interpretation of their changes in regions 
with crossing fibres is not always straightforward (Wheeler-Kingshot and 
Cercignani, 2009). The principal eigenvector and the colour-coded maps 
proposed by Pajevic and Pierpaoli (1999) are particularly useful to 
visualize the principal orientation of the tensor within each voxel. Figure 
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Diffusion tensor imaging
In 1994, Peter Basser, James Mattiello, and Denis Le Bihan published 
a seminal paper in diffusion imaging where they showed that if the 
water diffusion is measured along at least six different directions, it 
is possible to obtain a mathematical description of the overall 
displacement of the water molecul s, the diffusion tensor (Basser 
et al., 1994). The tensor provides a synthetic description of the 
water diffusion in the three-dimensional space and it can be used 
to extract quantitative indexes that are rotationally invariant (i.e. 
independent from the orientation of the measurement). The diffu-
sion tensor can also be visualized as a diffusion ellipsoid 
(Figure A1.2B). The diffusion ellipsoid describes the 3D geometrical 
profi le of the water molecule displacement and it can be calculated 
from the diffusion coeffi cient values (eigenvalues) and orientations 
(eigenvectors) of its three principal axes.
A detailed analysis of the ellipsoids c n give precise nformation 
about not only the average water molecular displacement (e.g. 
mean diffusivity, MD) within a voxel but also the degree of tissue 
anisotropy (e.g. fractional anisotropy, FA) and the main orientation 
of the underlying white matter fi bres (e.g. principal eigenvector or 
colour-coded maps) (Figure A1.3). These indexes provide comple-
mentary information about the microstructural composition and 
architecture of the brain tissue. Mean diffusivity is a rotational-
invariant quantitative index that describes the average mobility of 
water molecules and is calculated from the three eigenvalues (λ1, 
λ2, λ3) of the tensor:




λ λ λ+ +
= =
  
Voxels containing grey and white matter tissue shows similar MD 
values (Pierpaoli et al., 1996). In the brain, normal values range 
from >2.0 10−3 mm2/s (in the cerebro-spinal fl uid) to 0.6 and 0.9 
for grey and white matter, respectively. MD reduces with age within 
the fi rst years of life and increases in those disorders characterized 
by demyelination, axonal injury, and oedema. 
Figure A1.3 The diffusion tensor allows the extraction of quantitative indexes and visualization of maps that provide complementary information about the 
microstructural properties of the biological tissues and their organization. Thus, for example, two regions such as the anterior limb of the internal capsule (yellow 
arrow) and the head of the caudate nucleus (red arrow) have similar mean diffusivity (MD) values but different fractional anisotropy (FA) and tensor orientation. 
This is well described by their respective tensor ellipsoids that have same average ‘size’ but different shapes (almost spherical for the caudate nucleus) and 
orientation (the caudate nucleus has no principal orientation being an isotropic tissue). Another example of the complementary information provided by the 
different diffusion-derived maps are the white matter regions of the anterior li b of the internal capsule and the midpart of the splenium (blue arrow), which 
have similar MD and FA but different orientation of the direction of maximum diffusivity (visualized either using the principal eigenvector maps or using 
colour-coded maps). 
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2.3 shows an example of the colour-coded maps where red is used for 
latero-lateral orientation, blue for vertical orientation, and green for antero-
posterior (and vice versa) orientation.
2.3 Methods for the analysis of diffusion tensor imaging datasets
Methods used for the analysis of DT-MRI data can be divided into data-led 
approaches (e.g. whole-brain voxel-based analysis, VBA or Tract-based 
Spatial Statistic, TBSS) and hypothesis-led approaches (e.g. region-of-
interest, ROI or tractography) (Catani 2006). Data-led approaches are 
operator-independent and allow consideration of entire brain volumes. 
This  can be very useful where abnormalities are diffuse or an a priori 
hypothesis regarding their location is  unavailable. However, adapting the 
voxel-based approach, developed for functional and structural imaging 
data, to DT-MRI data is not necessarily straightforward. First, co-
registration of low-resolution, high-contrast, nonuniform FA maps may 
generate significant mis-registration and partial volume artifacts in regions 
of high and low anisotropy, for example, around the ventricles. TBSS has 
been developed to partially overcome this  problem (Smith et al., 2006). 
Second, the accurate localisation of differences to specific tracts is  difficult 
with VBA or TBSS. The data are often heavily smoothed as part of the pre-
processing to ensure that the ensuing statistical approach used is valid 
(Ashburner and Friston, 2000). This results in inherently low resolution 
parametric maps from which to infer group differences and also sensitizes 
the detection of group differences to the size of the smoothing filter used 
(Jones et al., 2005). Three-dimensional clusters of voxels  exhibiting 
significant group differences  will not typically lie neatly within a single tract, 
and resolving a cluster into component tracts by reference to anatomical 
atlases is compromised by both the limited resolution of the parametric 
maps and by the limited white matter detail such atlases contain. 
The ROI approach allows identification between group differences in a 
specific brain region. Specification of the anatomical location of the 
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putative between group differences  is therefore a prerequisite. Hence, the 
ROI approach is often used to test findings derived from previous studies 
(e.g. VBA). The major problem with the ROI approach is the inability to 
attribute changes to a specific tract within regions containing two or more 
white matter bundles. Also, the manual definition of a ROI is operator-
dependent and difficult to achieve for the entire length of a tract. Further, 
the conventional ROI approach may lack sufficient statistical power due to 
partial volume effects and the high degree of intra and inter-subject 
variation of the fractional anisotropy values, even within a highly 
homogenous tract (Kanaan et al., 2006). Advantages and limitations of 
tractography-based approaches will be discussed in the next paragraph. 
2.4 Virtual reconstruction of white matter trajectories
Compared to previously established methods for tracing fibre pathways, 
such as those used in animal axonal tracing studies, diffusion tensor 
tractography offers  the advantage of being a completely non-invasive 
technique and therefore its use is not restricted to non-human primates  but 
it can be applied to the living human brain. Furthermore, the data required 
by the tractography process  can be readily obtained on standard clinical 
MR systems with acquisition times that typically range from 5–20 minutes 
(depending on data quality required). The main assumption underpinning 
diffusion tensor tractography is that the diffusion of water molecules inside 
the brain can be described mathematically by a diffusion tensor whose 
principal axis aligns with the predominant orientation of the fibres 
contained within each voxel. Tractography algorithms use these two 
pieces of information to track the whole white matter pathways by inferring 
continuity of fibre paths from voxel to voxel. In simple terms, this process 
is  achieved by following the direction of maximum diffusion from a given 
voxel into a neighbouring voxel (Figure 2.4) (Conturo et al., 1999; Jones et 
al., 1999; Mori et al., 1999; Basser et al., 2000).
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Fractional anisotropy varies from 0 to 1 and represents a quanti-
tative index of the degree of anisotropy of the biological tissue:
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High FA values indicate that one of the three eigenvalues (λ1) is 
greater than the other two (λ2 and λ3). In the normal brain, FA 
varies from 0.1 (e.g. in the grey matter) to 0.8 or higher in the 
white matter. FA gives information about the organization of the 
tissue (e.g. strongly or weakly anisotropic) and the microarchitec-
ture of the fi bres (parallel, crossing, etc.). FA reduces in pathologi-
cal tissue (e.g. demyelination, oedema, etc.) and is therefore 
commonly used as an indirect index of microstructural integrity. 
Perpendicular and parallel diffusivity are the diffusivity along the 
principal directions of the diffusion tensor. ADC// = λ1 is the longi-
tudinal diffusivity; ADC! = (λ2+ λ3)/2 is the perpendicular diffusiv-
ity. The perpendicular diffusivity is generally considered a more 
sensitive index for axonal/myelin damage, although interpretation 
of their changes in regions with crossing fi bres is not always 
straightforward (Wheeler-Kingshot and Cercignani, 2009). The 
principal eigenvector and the colour-coded maps proposed by 
Pajevic and Pierpaoli (1999) are particularly useful to visualize the 
principal orientation of the tensor within each voxel. Figure A1.3 
shows an example of the colour-coded maps where red is used 
for  latero-lateral orientation, blue for dorso-ventral (and vice versa) 






Virtual In-Vivo Dissection Post-Mortem Dissection
A) B) C)
D) E)
Figure A1.4 Tracking continuous pathways with diffusion tensor imaging. A) Streamline tractography is based on the assumption that in each white matter voxel 
the principal eigenvector (red arrow) is tangent to the main trajectory of the underlying fi bres (black). Starting from a seed voxel (blue circle) the tractography 
algorithm propagates, voxel by voxel, a streamline (blue) by piecing together neighbouring principal eigenvectors (v1). B) Axial section of the eigenvector map and 
streamlines (blue) through the lateral splenium of the corpus callosum. C) Tractography reconstruction of the splenial streamlines visualized as 3D streamtubes. 
D, E) Comparison between the virtual in vivo reconstruction of the arcuate fasciculus (Catani et al., 2002) and the corresponding post-mortem dissection 
(Gluhbegovic and Williams 1980).
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Figure 2.4 Tracking continuous pathways with diffusion tensor imaging. A) 
Streamline tractography is based on the ssumpti n that in ach white 
matter voxel the principal eigenvector (red arrow) is tangent to the main 
trajectory of the underlying fibres (black). Starting from a seed voxel (blue 
circle) the tract graphy algorithm propagates a streamline (blue) by 
pi cing together, v xel by voxel, neighbouring principal eigenvectors (v1). 
B) Axial section of the eigenvector map and streamlines (blue) through the 
lateral splenium of the corpus callosum. C) Tractography reconstruc ion of
the splenial streamlines visualized as 3D streamtubes. D, E) Comparison 
between the virtual in vivo reconstructio  of the a cuat  fas iculus (Catani 
et al., 2002) and the c rresponding post-mortem dissection (Gluhbegovic 
and Williams 1980).
How to piec  togethe  discrete estimates of water diffusion within 
contiguous voxels depends on the algorithm used and the choice of some 
tracking and stopping parameters. Most of the tractography algorithms 
adopt angular and/or anisotropy thresholds to avoid unrealistic fibre 
bending or tracking outside white matter regions (Mori et al., 1999; Basser 
et al., 2000). The two main applications of tractography are the study of 
the in vivo trajectories of white matter pathways (Catani et al., 2002) and 
the parcellation of the cortex or subcortical nuclei according to the pattern 
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of streamline connectivity (Behrens  et al., 2003). By extracting quantitative 
diffusion indices along the dissected tracts, it is also possible to obtain 
tract-specific measurements indicative of the microstructural organization, 
composition, and integrity of the tract of interest. The most used indices 
are FA and MD. The number of streamlines  and number of voxels 
intersected by the streamlines (i.e. the volume occupied by the 
streamlines) are commonly used as surrogate measures of tract volume.
2.5 Limitations
Whilst injected tracers are able to follow the termination of single axons, 
tractography follows the principal axis  of the diffusion tensor, which is 
obtained by averaging the MRI signal within a voxel. Typically the voxel 
resolution is too low to identify small fibre bundles. Also the levels  of noise 
in the diffusion data and the intrinsic MR artifacts  constitute important 
factors that affect the precision and accuracy of the diffusion 
measurements and therefore the tractography reconstruction (Basser et 
al., 2000; LeBihan et al., 2006). It should be recognized that the results we 
obtain from tractography are also dependent on a number of factors under 
the control of the experimenter, such as the angular and anisotropy 
thresholds and the choice of the tractography algorithm itself. Finally, 
diffusion tensor tractography assumes that fibers  in each voxel are well 
described by a single orientation estimate, which is a valid assumption for 
voxels containing only one population of fibres with similar orientation. The 
majority of white matter voxels, however, contain populations of fibres  with 
multiple orientations; in these regions fibers  cross, kiss, merge, or diverge 
and the tensor model is inadequate to capture this anatomical complexity 
(Figure 2.5). 
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Figure 2.5 Artifactual reconstructions in diffusion tensor tractography 
generate false positives and false negatives in regions with crossing fibres 
and partial volumes effects. A) DTI-tractography reconstruction of the 
corpus callosum (red) and left internal capsule (yellow). (1) Dashed red 
and yellow lines indicate the lateral terminations of the internal capsule 
and callosal tracts, which DTI-tractography is unable to visualize due to 
the presence of fibre crossing in a region containing a mix of callosal, 
projection and association tracts (green dots) (false negatives). (2) 
Descending streamlines passing through the left internal capsule and 
ascending into contralateral internal capsule after crossing the pons are 
artifactual reconstructions  (false positive). This false positive is due to the 
complex anatomy of the pontine region containing crossing fibres together 
with very small pontine nuclei that reduce the FA levels of the pontine 
voxels (partial volume effect). B) DTI-tractography representation of the 
connections of the cerebellum. (3) The red streamlines are artifactual 
(false positive) reconstructions of a continuous pathway connecting left 
and right middle cerebellar peduncles through the pons. In this case the 
tractography algorithm reconstructs continuous streamlines due to the 
presence of crossing fibres and small pontine nuclei in the pons. (4) The 
dotted green lines indicate the incomplete reconstruction of the superior 
cerebellar tracts  where streamlines  stop before crossing to the 
contralateral side as expected from known post-mortem anatomy (false 
negatives).
More recent tractography developments based on HARDI (high angular 
resolution diffusion imaging) methods (Frank 2001) and advanced 
processing techniques are able to resolve in part fibre crossing (Tournier 
et al., 2004; Tuch, 2004; Wedeen et al., 2005; Alexander, 2005; Behrens 
et al., 2007). Preliminary work suggests that it is possible to combine 
tractography with a spherical deconvolution algorithm to perform 
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Virtual r construc ion of white matter 
trajectories
Compared to previously established ethods for tracing fi bre path-
ways, such as those used in animal axonal tracing studies, diffusion 
tensor tractography offers the advantage of being a completely 
non-invasive technique and therefore its use is not restricted to 
non-human primates but it can be applied to the living human 
brain. Furthermore, the data required by the tractography process 
can be readily obtained on standard clinical MR systems with acqui-
sition times that typically range from 5–20 minutes (depending on 
data quality required). The main assumption underpinning diffu-
sion tensor tractography is that the diffusion of water molecules 
inside the brain can be described mat ematically by a diffusion 
tensor whose principal axis aligns with the predominant orientation 
of the fi bres contained within each voxel. Tractography algorithms 
use these two pieces of information to track the whole white 
matter pathways by inferring continuity of fi bre paths from voxel 
to voxel. In simple terms, this process is achieved by following 
the direction of maximum diffusion from a given voxel into a 
 neighbouring voxel (Figure A1.4) (Conturo et al., 1999; Jones et al., 
1999; Mori et al., 1999; Basser et al., 2000). 
How to piece together discrete estimates of water diffusion 
within conti uous voxels depends on the algorithm used and the
choice of some tracking and stopping parameters. Most of the trac-
tography algorithms adopt angular and/or anisotropy thresholds to 
avoid u realistic fi bre bending or tra king outside white matter 
regions (Mori et al., 1999; Basser et al., 2000). The two main appli-
cations of tractography are the study of the in vivo trajectories of 
white matter pathways (Catani et al., 2002) and the parcellations 
of the cortex or subcortical nuclei according to the pattern of 
streamline connectivity (Behrens et al., 2003). By extracting quanti-
tative diffusion indexes along the dissected tracts, it is also possible 
to obtain tract-specifi c measurements indicative of the microstruc-
tural organization, composition, and integrity of the tract of inter-
est. The most used indexes are FA and MD. The number of 
streamlines and number of voxels intersected by the streamlines 
(i.e. the volume occupied by the streamlines) are commonly used as 








Figure A1.5 Artefactual reconstructions in diffusion tensor tractography generates false positives and false negatives in regions with crossing fi bres and partial 
volumes effects. A) DTI-tractography reconstruction of the corpus callosum (red) and left internal capsule (yellow). (1) Dashed red and yellow lines indicate 
the expected cortical regions of origin and termination of the internal capsule and callosal tracts, which DTI-tractography is unable to visualize due to the 
presence of fi bre crossing in a region containing the callosal, projection, and association tracts (green dots). (false negatives). (2) Descending streamlines passing 
through the left internal capsule and ascending into controlateral internal capsule after crossing the pons are artefactual reconstructions (false positive). This 
false positive is due to the complex anatomy of the pontine region containing crossing fi bres together with very small pontine nuclei that reduce the FA levels 
of the pontine voxels (partial volume effect). B) DTI-tractography representation of the connections of the cerebellum. (3) The red streamlines are artefactual 
(false positive) reconstructions of a continuous pathway connecting left and right middle cerebellar peduncles through the pons. In this case the tractography 
algorithm reconstructs continuous streamlines due to the presence of crossing fi bres and small pontine nuclei in the pons. (4) The dotted green lines indicate the 
incomplete reconstruction of the superior cerebellar tracts where streamlines stop before crossing to the controlateral side as expected from known post-mortem 
neuroanatomy (false egatives).
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dissections of white matter pathways  in regions with multiple fiber 
crossing, like in the corpus callosum (Figure 2.6) and the superior 
longitudinal fasciculus (Thiebaut de Schotten et al., 2011). One advantage 
of this approach is that spherical deconvolution datasets can be acquired 
using clinically feasible protocols (Dell’Acqua et al., 2010).
Compared to classical axonal tracing studies, tractography is unable to 
differentiate anterograde and retrograde connections, detect the presence 
of synapses, or determine whether a pathway is functional. All these 
limitations may lead to tracking pathways  that do not exist (false positive) 
or ineffectively fail to track those that do exist (false negative). A few 
studies have so far dealt with the issue of validating the tractography 
results with neuronal tracers (Dauguet et al., 2007; Dyrby et al., 2007) or 
performing reproducibility analysis  on human subjects  (Heiervang, et al., 
2006; Lawes et al., 2008; Wakana et al., 2007). It is evident from all the 
considerations above that interpretation of tractography results requires 
experience and a priori anatomical knowledge.
Finally, in the diseased brain alteration and anatomic distortion due to the 
presence of pathology, such as brain edema, bleeding, and compression, 
generates tissue changes likely to lead to artifactual tract reconstructions 
(Catani, 2006; Ciccarelli et al., 2008).
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Limitations
Whilst injected tracers are able to follow the termination of single 
axons, tractography follows the principal axis of the diffusion 
tensor, which is obtained by averaging the MRI signal within a 
voxel. Typically the voxel resolution is too low to identify small fi bre 
bundles. Also the levels of noise in the diffusion data and the intrin-
sic MR artefacts constitute important factors that affect the preci-
sion and accuracy of the diffusion measurements and therefore the 
tractography reconstruction (Basser et al., 2000; LeBihan et al., 
2006). It should be recognized that the results we obtain from trac-
tography are also dependent on a number of factors under the 
control of the experimenter, such as the angular and anisotropy 
thresholds and the choice of the tractography algorithm itself. 
Finally, diffusion tensor tractography assumes that fi bers in each 
voxel are well described by a single orientation estimate, which is a 
valid assumption for voxels containing only one population of fi bres 
with similar orientation. The majority of white matter voxels, 
however, contain populations of fi bres with multiple orientations; 
in these regions fi bers cross, kiss, merge, or diverge and the tensor 
model is inadequate to capture this anatomical complexity (Figure 
A1.5). More recent tractography developments based on HARDI 
(high angular resolution diffusion imaging) methods (Frank 2001) 
and appropriate processing techniques are able to resolve in part 
the fi bre crossing problem (Tournier et al., 2004; Tuch, 2004; 
Wedeen et al., 2005; Alexander, 2005; Behrens et al., 2007). 
Figure A1.6 Visualization of the white matter organization of the corpus callosum and the corona radiata based on A) the tensor model and B) spherical 
deconvolution. In this coronal slice voxels with one fi ber population such as the corpus callosum (red arrow), both models describe orientations that are consistent 
with the known anatomy. However, in regions with more than one population of crossing fi bers (yellow arrow) the tensor model gives an average representation 
of the water diffusion, whereas the spherical deconvolution model separates different fi ber components and describes their individual orientations. The virtual 
dissections of the corpus callosum based on C) diffusion tensor tractography reconstruct only the most central part of the corpus callosum (red), while D) spherical 
deconvolution tractography shows several streamines of the corpus callosum that cross the streamlines of the corticospinal tract (yellow) and reach the lateral 
cortex (Catani and Dell’Acqua, 2011). 
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Figure 2.6 Visualization of the white matter organization of the corpus 
call sum and the corona radiata based on A) the diffusion tensor model 
and B) spherical deconvolution. In voxels with one fiber population such as 
the corpus callosum (red arrow), both models describe orientations that 
are consistent with the known anatomy. However, in regions  with more 
than ne population of crossing fibers  (yellow arrow) the tensor mod l
gives an average representation of the water diffusion, whereas the 
spherical dec nvolution m del separates different fiber components and 
describes their individual orie tations. The virtual dissections of the corpus 
callosum based on C) diffusion tensor tractography reconstruct only the 
most central pa t of t e corpus callosum (r d), w ile D) spherical 
deconvolution tractography shows several streamlines  of the corpus 
callo um that cross the stre mlines of the cortic spinal tract (y llow) and
reach the lateral cortex (Catani and Dell’Acqua, 2011).
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CHAPTER 3 
PERISYLVIAN LANGUAGE NETWORKS 
3.1 Introduction
A growing body of evidence suggests that ASD are related to altered 
communication between perisylvian brain regions. Perisylvian cortex is 
interlinked by the fibres of the  arcuate fasciculus, an association pathway 
that connects classical Broca’s  and Wernicke’s  regions  with a newly 
described region in the inferior parietal lobe, the Geschwind’s territory. In 
this  chapter the functional anatomy of the arcuate fasciculus as derived 
from animal studies and functional imaging in humans is reviewed. 
Preliminary tractography studies in language developmental disorders and 
ASD are also discussed.  
3.2 The history of the arcuate fasciculus
Johann Christian Reil was the first to identify a group of fibres running 
deep in the white matter of the temporal, parietal, and frontal regions 
around the Sylvian fissure, which he called the Ungenannte Marksubstanz 
(unnamed white matter) (Figure 3.1A) (Reil, 1812). In 1822 Karl Burdach 
confirmed Reil’s  finding and designated the perisylvian tracts  collectively 
as the Fasciculus Arcuatus, because of the arching shape of its longest 
fibres (Burdach, 1822). The work of the German neuroanatomists was 
subsequently revisited by Dejerine (1895) who believed that the arcuate 
fasciculus was mainly composed of short U-shaped associative fibres 
connecting neighbouring perisylvian regions (Figure 3.1). Dejerine was 
also the first to use the term superior longitudinal fasciculus and arcuate 
fasciculus interchangeably. In the meantime, post-mortem studies of 
patients with aphasia led Paul Broca (1861) and Carl Wernicke (1874) to 
discover the cortical ‘centres’ dedicated to speech production (Broca’s 
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area in the frontal lobe) and auditory comprehension (Wernicke’s area in 
the temporal lobe). Wernicke was also the first to postulate that language 
relies on the integrity of a ‘psychic reflex arc’ between temporal and frontal 
regions. However, the arcuate fasciculus was not part of Wernicke’s 
original anatomical model, as he thought that the temporal and frontal 
language areas were indirectly connected by fibres passing through the 
external capsule and relaying in the cortex of the insula (Wernicke, 1874). 
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Johann Christian Reil was the fi rst to identify a group of fi bres 
running deeply in the white matter of the temporal, parietal, and 
frontal regions around the Sylvian fi ssure, which he described as 
the Ungenannte Marksubstanz (unnamed white matter) (Figure 
7.1A) (Reil, 1812). In 1822 Karl Burdach confi rmed Reil’s fi nding 
and designated the perisylvian tracts collectively as the Fasciculus 
Arcuatus, because of the arching shape of its longest fi bres 
(Burdach, 1822). The work of the German neuroanatomists was 
subsequently revisited by Dejerine (1895) who believed that the 
arcuate fasciculus was mainly composed of short U-shaped associa-
tive fi bres connecting neighbouring perisylvian regions (Figure 
7.1B). Dejerine was also the fi rst to use the term superior longitudi-
nal fasciculus and arcuate fasciculus interchangeably. In the mean-
time, post-mortem studies of patients with aphasia led Paul Broca 
(1861) and Carl Wernicke (1874) to discover the cortical ‘centres’ 
dedicated to speech production (Broca’s area in the frontal lobe) 
and auditory comprehension (Wernicke’s area in the temporal 
lobe). Wernicke was also the fi rst to postulate that language relies 
on the integrity of a ‘psychic refl ex arc’ between temporal and fron-
tal regions. However, the arcuate fasciculus was not part of 
Wernicke’s original anatomical model, as he thought that the 
temporal and frontal language areas were indirectly connected by 
fi bres passing through the external capsule and relaying in the 
cortex of the insula (Wernicke, 1874). It was Von Monakow (1885), 
and later Dejerine (1895), to propose the arcuate fasciculus as the 
tract directly connecting Broca’s and Wernicke’s area. This anatom-
ical model was subsequently revitalized by Norman Geschwind—
with an additional emphasis on the importance of the connections 
to the angular gyrus—and became known as the Wernicke–
Geschwind model (Geschwind, 1965, 1970). Although the exis-
tence of the arcuate fasciculus has been confi rmed in humans by 
many studies using blunt dissections and axonal staining of degen-
erating axons, these methods have not shed much light on its 
detailed anatomy. For this reason more powerful methods for trac-
ing axonal pathways have been used in the monkey to identify a 
homologue of the arcuate fasciculus (Petrides and Pandya, 1988; 
Schmahmann and Pandya, 2006). But the absence of language in 
non-human primates raises doubts on the possibility of translating 
tout court these fi ndings to man. The advent of diffusion tensor 
imaging tractography has therefore opened a new era in the fi eld. 
The fi rst tractography studies applied to the perisylvian pathways 
showed that the anatomy of the arcuate fasciculus is more 
complex than previously thought (Figures 7.1C and 7.2) (Catani et 
al., 2002, 2005a; Parker et al., 2005). In addition to the long 
segment directly connecting Wernicke’s and Broca’s territories (i.e. 
the arcuate fasciculus sensu strictu), there is an indirect pathway 
consisting of an anterior and posterior segment linking the inferior 
parietal lobule (Geschwind’s territory) to Broca’s territory and 
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Figure 7.1 A) Reil’s (1812) and B) Dejerine’s (1895) post-mortem dissections of the arcuate fasciculus. C) Left lateral, D) right medial, and E) posterior view of the 
arcuate fasciculus reconstructed with diffusion tensor tractography. (Catani et al., 2002).
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Figure 3.1 A) Reil’s (1812) and B) Dejerine’s  (1895) post-mortem 
dissections of the arcuate fasciculus. C) Left lateral, D) right medial, and 
E) posterior view of the arcuate fasciculus reconstructed with diffusion 
tensor tractography. (Catani et al., 2002).
It was Von Monakow (1885), and later Dejerine (1895), who proposed the 
arcuate fasciculus as  the tract directly connecting Broca’s and Wernicke’s 
area. This  anato ical model was subsequently r vitalized by N rman 
Geschwind— with an additional emp sis  on the import nc  of the 
connection  to the angular gyr s—and becam k own as th  Wernicke–
Geschwind model (Geschwind, 1965, 1970). Although the existence of the 
arcuate fasciculus has been confirmed in humans by many studies using 
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blunt dissections and axonal staining of degenerating axons, these 
methods have not shed much light on its  detailed anatomy. For this reason 
more powerful methods for tracing axonal pathways have been used in the 
monkey to identify a homologue of the arcuate fasciculus (Petrides and 
Pandya, 1988; Schmahmann and Pandya, 2006).
Nevertheless, the absence of language in non-human primates raises 
doubts on the possibility of translating these findings to man. The advent 
of diffusion tensor imaging tractography has therefore opened a new era in 
the field (Catani and Mesulam, 2008). The first tractography studies 
applied to the perisylvian pathways showed that the anatomy of the 
arcuate fasciculus is more complex than previously thought (Figures 3.1C 
and 3.2) (Catani et al., 2002, 2005a; Parker et al., 2005). Perisylvian pathways    241
Wernicke’s territory, respectively. Additional support for the 
 existence of the three perisylvian segments comes from human 
intraoperative electrocorticography (Matsumoto et al., 2004), func-
tional connectivity (Schmithorst and Holland, 2007), and recent 
post-mortem dissections (Lawes et al., 2008).
Functional anatomy of the perisylvian cortical 
territories 
Classical models of language distinguish a posterior temporal 
region in the superior temporal gyrus (i.e. Wernicke’s area corre-
sponding to BA 22) (Wernicke, 1874) dedicated to auditory compre-
hension, and an anterior frontal region in the posterior part of the 
inferior frontal gyrus (i.e. Broca’s area corresponding to BA 44 and 
45) dedicated to speech production (Broca, 1861). The distribution 
of the arcuate terminations found by tractography studies extends 
beyond the classical limits of language areas and, for this reason, 
the term territory rather than area is preferred. Broca’s territory, for 
example, includes part of the posterior middle frontal gyrus and 
inferior precentral gyrus, whilst Wernicke’s territory includes the 
posterior part of the middle temporal gyrus. This wider distribution 
is consistent with several lines of evidence that Broca’s and 
Wernicke’s territories are formed by smaller cortical regions special-
ized for different aspects of language. For example, more posterior 
regions of Broca’s territory are engaged in phonological tasks 
(e.g. ‘saying words beginning with the letter F’), whereas more 
anterior regions specialize in syntactic functions (i.e. combining 
words according to correct grammatical language rules) and 
semantic functions (e.g. naming animals or objects) (Bookheimer, 
2002). A similar segregation has been suggested for Wernicke’s 
territory, with superior anterior specialization for phonological tasks 
and posterior-inferior specialization for semantic tasks (Cannestra 
et al., 2000; Castillo et al., 2001). 
The parallel pathways model of the arcuate fasciculus highlights 
the importance of a third territory, the inferior parietal cortex, as a 
separate primary language region with dense connections to classi-
cal language areas through the indirect pathway. The inferior pari-
etal lobe corresponds to BA 39 (supramarginal) and BA 40 (angular), 
and although its involvement in language has been recognized for 
some time, its exact role is still largely unknown. The development 
of this region, which is one of the latest to myelinate in the human 
brain (Flechsig, 1901), is thought to have coincided with the emer-
gence of language during evolution (Geschwind, 1965). Recent 
functional neuroimaging studies have shown that Geschwind’s ter-
ritory is part of an extended network activated during comprehen-
sion of global coherence of narratives (Martin-Loeches et al., 2008), 
processing concrete concepts (Sabsevitz et al., 2005), episodic 
memory retrieval of words (Vilberg and Rugg, 2008), and verbal 




















Figure 7.2 A–C) Sagittal sections of the arcuate fasciculus in the average dataset (10 subjects). The lateralmost section (Talairach x = –52) shows three cortical 
termination territories (numbered 1–3). The three cortical projection zones were used as starting point for the tracking of the three segments shown in D. D) 
Tractography reconstruction of the arcuate fasciculus using the two-regions of interest approach in the average brain. Broca’s and Wernicke’ territories are 
connected through direct and indirect pathways. The direct pathway (long segment shown in red) runs medially and corresponds to classical descriptions of 
the arcuate fasciculus. The indirect pathway runs laterally and is composed of an anterior segment (green) connecting the inferior parietal cortex (Geschwind’s 
territory) and Broca’s territory and a posterior segment (yellow) connecting Geschwind’s and Wernicke’s territories. (Catani et al., 2005)
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Figur  3.2 A–C) Sagittal sec ions of the rcuate fasciculus in the average 
dataset (10 subjects). The lateralmost section (Talairach x = –52) shows 
ree cortical termination territ ries (number d 1–3). The thre  cortical 
projection zones were used as starting point for the tracking of the three 
segments shown in D. D) Tractography reconstruction of the arcuate 
fasciculus using the two-regions of interest approach in the average brain. 
Broca’s and Wernicke’ territories are connected through direct and indirect 
pathways. The direct pathway (long segment shown in red) runs medially 
and c rr sponds to cla sical description  of the arcuate fasciculus. Th  
indirect pathway runs laterally and is composed of an anterior segment 
(green) con ecting the inferior parietal cortex (G schwind’s territory) and 
Broca’s territory and a posterior segment (yellow) connecting Geschwind’s 
and Wernicke’s territories. (Catani et al., 2005).
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In addition to the long segment directly connecting Wernicke’s and Broca’s 
territories (i.e. the arcuate fasciculus  sensu strictu), there is an indirect 
pathway consisting of an anterior and posterior segment linking the inferior 
parietal lobule (Geschwind’s territory) to Broca’s  territory and Wernicke’s 
territory, respectively. Additional support for the existence of the three 
perisylvian segments comes from human intra-operative electro-
corticography (Matsumoto et al., 2004), functional connectivity 
(Schmithorst and Holland, 2007), and recent post-mortem dissections 
(Lawes et al., 2008).
3.3 Functional anatomy of the perisylvian cortical territories
Classical models of language distinguish a posterior temporal region in the 
superior temporal gyrus (i.e. Wernicke’s  area corresponding to BA 22) 
(Wernicke, 1874) dedicated to auditory comprehension, and an anterior 
frontal region in the posterior part of the inferior frontal gyrus (i.e. Broca’s 
area corresponding to BA 44 and 45) dedicated to speech production 
(Broca, 1861). The distribution of the arcuate terminations found by 
tractography studies extends beyond the classical limits  of language areas 
and, for this  reason, the term territory rather than area is preferred. 
Broca’s territory, for example, includes part of the posterior middle frontal 
gyrus and inferior precentral gyrus, whilst Wernicke’s  territory includes the 
posterior part of the middle temporal gyrus. This wider distribution is 
consistent with several lines of evidence that Broca’s  and Wernicke’s 
territories are formed by smaller cortical regions  specialized for different 
aspects of language. For example, more posterior regions of Broca’s 
territory are engaged in phonological tasks (e.g. ‘saying words beginning 
with the letter F’), whereas more anterior regions specialize in syntactic 
functions (i.e. combining words according to correct grammatical language 
rules) and semantic functions (e.g. naming animals or objects) 
(Bookheimer, 2002). A similar segregation has been suggested for 
Wernicke’s territory, with superior anterior specialization for phonological 
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tasks and posterior-inferior specialization for semantic tasks (Cannestra et 
al., 2000; Castillo et al., 2001).
The parallel pathways model of the arcuate fasciculus highlights the 
importance of a third territory, the inferior parietal cortex, as a separate 
primary language region with dense connections to classical language 
areas through the indirect pathway. The inferior parietal lobe corresponds 
to BA 39 (supramarginal) and BA 40 (angular), and although its 
involvement in language has been recognized for some time, its  exact role 
is  still largely unknown. The development of this  region, which is  one of 
the latest to myelinate in the human brain (Flechsig, 1901), is thought to 
have coincided with the emergence of language during evolution 
(Geschwind, 1965). Recent functional neuroimaging studies have shown 
that Geschwind’s territory is part of an extended network activated during 
comprehension of global coherence of narratives (Martin-Loeches et al., 
2008), processing concrete concepts (Sabsevitz et al., 2005), episodic 
memory retrieval of words (Vilberg and Rugg, 2008), and verbal working 
memory (Jacquemot and Scott, 2006). Also, thanks to its anatomical 
position, Geschwind’s territory is a zone of convergence and integration of 
sensory and motor information. It is therefore well suited to play a key role 
in the self-awareness of speech and actions in general (Jardri et al., 
2007). It is  possible that like Broca’s  and Wernicke’s territories, 
Geschwind’s territory is  a heterogeneous region with functionally 
segregated regions. For example, with respect to working memory, the 
posterior portion of Geschwind’s territory (i.e. angular gyrus) together with 
Wernicke’s territory seem to be involved in the phonological storage of 
words (input buffer), while the anterior supramarginal gyrus interacts with 
Broca’s territory for the active rehearsal of stored words (output buffer) 
(Vallar et al., 1997; Jacquemot and Scott, 2006). A similar segregation 
within Geschwind’s territory can be made with regard to other functions, 
such as praxis and reading.
37
3.4 Lateralization of perisylvian pathways
Hemispheric asymmetry is a key feature of the human brain. Left–right 
differences in perisylvian anatomy have been shown using microscopic 
examination of post-mortem specimens (Galuske et al., 2000), structural 
T1-weighted MRI (Paus et al., 1999) and DTI (Buchel, et al., 2004; 
Nucifora et al., 2005; Hagmann et al., 2006; Powell et al., 2006; Catani et 
al., 2007; Vernooij et al., 2007; Thiebaut de Schotten et al., 2011a). In 
young adults, tractography shows that of the three segments  the posterior 
indirect is  bilateral and symmetrical, while the anterior indirect and the long 
segments of the arcuate fasciculus are lateralized to the right and the left, 
respectively (Figure 3.3) (Catani et al., 2007; Thiebaut de Schotten et al., 
2011a). 
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anatomical position, Geschwind’s territory is a zone of convergence 
and integration of sensory and motor information. It is therefore 
well suited to play a key role in the self-awareness of speech and 
actions in  general (Jardri et al., 2007). It is possible that like Broca’s 
and Wernicke’s territories, Geschwind’s territory is a heterogene-
ous region with functionally segregated regions. For example, with 
respect to working memory, the posterior portion of Geschwind’s 
territory (i.e. angular gyrus) together with Wernicke’s territory seem 
to be involved in the phonological storage of words (input buffer), 
while the anterior supramarginal gyrus interacts with Broca’s terri-
tory for the active rehearsal of stored words (output buffer) (Vallar 
et al., 1997; Jacquemot and Scott, 2006). A similar segregation 
within Geschwind’s territory can be made with regard to other 
functions, such as praxis and reading. 
Lateralization of perisylvian pathways 
Hemispheric asymmetry is a key feature of the human brain. Left–
right differences in perisylvian anatomy have been shown using 
microscopic examination of post-mortem specimens (Galuske 
et al., 2000), structural T1-weighted MRI (Paus et al., 1999) and DTI 
(Buchel, et al., 2004; Nucifora et al., 2005; Hagmann et al., 2006; 
Powell et al., 2006; Catani et al., 2007; Vernooij et al., 2007; 
Thiebaut de Schotten et al., 2011a). In young adults, tractography 
shows that of the three segments the posterior indirect is bilateral 
and symmetrical, while the anterior indirect and the long segments 
of the arcuate fasciculus are lateralized to the right and the left, 
respectively (Figure 7.3) (Catani et al., 2007; Thiebaut de Schotten 
et al., 2011a). However, the lateralization of these segments is 
quite heterogeneous among the general population. Volumetric 
measurements of the long segment, for example, show that more 
than half of the adult population (~60%) has an extreme degree of 
leftward lateralization (i.e. a complete absence or minimal presence 
in the right hemisphere) (Figure 7.4A) (Catani et al., 2007). The 
remaining approximately 40% shows either a moderate leftward 
lateralization (~20%) or a bilaterally symmetric pattern (~20%). 
Similar results are reported for left-handed subjects (Vernooij et al., 
2007) and younger groups of children and adolescents (aged 6–17 






















Figure 7.3 Left–right hemispheric differences in the perisylvian pathways. A) In an average data set composed by 10 healthy subjects direct connections (red) 
between the temporal and frontal regions in the left hemisphere are absent from the right. (Catani et al., 2007) B) Tract-specifi c measurements of the volume 
and fractional anisotropy (an index that refl ects the microstructural organization of fi bres) of the three segments of the arcuate in a group of 40 young adults. 
The volume and fractional anisotropy of the anterior segment show a signifi cant right lateralization. The volume of the long segment is left lateralized with 
a statistically non-signifi cant left lateralization also of the fractional anisotropy. The posterior segment is bilateral and symmetrical (Thiebaut de Schotten et al., 
2011a). 
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Figur  3.3 Left–r ght hem ph ric diff ences in the perisylvian pathways. 
A) In an average data set composed by 10 healthy subjects direct 
connectio s (red) betwe n the temp ral and frontal regions in h  left 
hemisphere are absent from the right. (Catani et al., 2007) B) Tract-
specific measurements of the volume and fractional anisotropy (an index 
that reflects  the microstructural organization of fibres) of the three 
segments of the arcuate in a group of 40 young adults. The volume and 
fractional anisotropy of the anterior segment show a significant right 
lateralization. The volume of the long segment is  left lateralized with a 
statistically non-significant left lateralization also of the fractional 
anisotropy. The posterior segment is  bilateral and symmetrical (Thiebaut 
de S h tten et al., 2011 ).
However, the lateralization of these segments is quite heterogeneous 
among the gen ral population. Volumetric measureme ts of the lo g 
segment, for example, show that mo  than half of the adult populatio  
(~60%) has an extreme degree of leftward lateralization (i.e. a complete 
absence or minimal presence in the right hemisphere) (Figure 3.4A) 
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(Catani et al., 2007). The remaining 40% shows either a moderate leftward 
lateralization (~20%) or a bilaterally symmetric pattern (~20%). Similar 
results are reported for left-handed subjects (Vernooij et al., 2007) and 
younger groups of children and adolescents  (aged 6–17 years) 
(Eluvathingal et al., 2007). Preliminary reports also suggest a gender 
dimorphism with regard to the lateralization of the long segment. Hagmann 
et al. (2006) reported that compared to right-handed subjects, left-handed 
males (but not left-handed females) show a more bilateral distribution of 
the long segment. An opposite trend has been found in the right-handed 
population with females being more likely to have a bilateral pattern 
compared to males (Figure 3.4) (Catani et al., 2007). There are, however, 
no studies that correlate the degree of lateralization of the three segments 
with measurements of handedness. 
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gender dimorphism with regard to the lateralization of the long 
segment. Hagmann et al. (2006) reported that compared to right-
handed subjects, left-handed males (but not left-handed females) 
show a more bilateral distribution of the long segment. An oppo-
site trend has been found in the right-handed population with 
females being more likely to have a bilateral pattern compared to 
males (Figure 7.4) (Catani et al., 2007). 
The lateralization of the perisylvian pathways seems to be a 
dynamic process that begins very early in life and continues 
throughout adolescence and early adulthood. Voxel-based and 
tractography analysis of diffusion tensor datasets acquired in 
infants aged 1–4 months already shows some degree of left later-
alization in the fractional anisotropy (i.e. an indirect index of axonal 
organization or myeline maturation) of the temporal portion of the 
arcuate fasciculus. This asymmetry does not seem to be specifi c to 
the language pathways as it also occurs in the sensory-motor path-
ways of the cortico-spinal tract (Dubois et al., 2008). Lebel 
et al. (2008) have recently shown that the fractional anisotropy of 
the arcuate fasciculus increases by 25% from the age of 5 years to 
30 years, although the majority of these changes occur before the 
age of 20 years. Our recent tractography analysis of the parallel 
pathways model reveals that the three segments differ in their 
developmental trajectories. By the age of 10 years the long seg-
ment is larger in the left hemisphere compared to the right, while 
the anterior segment is larger in the right compared to the left. 
Both segments remain lateralized throughout adolescence and 
early adulthood. The interhemispheric asymmetry of the posterior 
segment shows a more dynamic pattern, with a greater right 
Group 2 bilateral, left 
lateralization (~20%) 
Group 3 bilateral, 
symmetrical (~20%)
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Figure 7.4 Hemispheric lateralization, gender dimorphism, and behavioural correlates of the long segment. A) Distribution of lateralization patterns of the 
direct long segment in a group of 40 young adults. B) Distribution of the lateralization groups between genders (20 males and 20 females). C) Performances in 
the California Verbal Learning Test (CVLT) according to the lateralization pattern and gender (striped colours are females, the red circle represents the only male 
belonging to the group 3) (*p < 0.05 vs Group 1; †p <0.01 vs. Group 1; ‡p <0.05 vs. Group 1). (Catani et al., 2007).
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Figure 3.4 Hemispheric lateralization, gender dimorphism, and 
behavioural correlates  of the long segment. A) Distribution of lateralization 
patterns of the direct long segment in a group of 40 young adults. B) 
Distribution of the lateralization groups  between genders (20 males and 20 
females). C) Performances in the California Verbal Learning Test (CVLT) 
acco ing to th  later liza n pattern and gender (s rip d col ur  are 
females, the red circle represents the only male belonging to the group 3) 
(*p < 0.05 vs Gr up 1; †p <0.01 vs. Group 1; ‡p <0.05 vs. Group 1). 
(Catani et al., 2007).
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The lateralization of the perisylvian pathways seems to be a dynamic 
process that begins very early in life and continues throughout 
adolescence and early adulthood. Voxel-based and tractography analysis 
of diffusion tensor datasets acquired in infants aged 1–4 months already 
shows some degree of left lateralization in the fractional anisotropy (i.e. an 
indirect index of axonal organization or myelin maturation) of the temporal 
portion of the arcuate fasciculus. This asymmetry does not seem to be 
specific to the language pathways as it also occurs in the sensory-motor 
pathways of the cortico-spinal tract (Dubois et al., 2008). Lebel et al. 
(2008) have recently shown that the fractional anisotropy of the arcuate 
fasciculus increases by 25% from the age of 5 years to 30 years, although 
the majority of these changes occur before the age of 20 years. Our recent 
tractography analysis  of the parallel pathways model reveals that the three 
segments differ in their developmental trajectories. By the age of 10 years 
the long segment is larger in the left hemisphere compared to the right, 
while the anterior segment is  larger in the right compared to the left. Both 
segments remain lateralized throughout adolescence and early adulthood. 
The interhemispheric asymmetry of the posterior segment shows a more 
dynamic pattern, with a greater right volume before adolescence, and a 
progressive bilateral distribution throughout adolescence and early 
adulthood (Figure 3.5) (Catani et al., 2010). These modifications  in volume 
are likely to reflect biological changes in white matter that accompany 
cortical pruning during adolescence.
An important question is the extent to which structural differences between 
the two hemispheres correlate with functional lateralization, and whether 
the anatomical lateralization of the perisylvian pathways reflects 
differences in language performance. Preliminary studies  combining 
tractography and fMRI reported no correlation between the lateralization of 
the arcuate fasciculus  volume and the degree of functional lateralization 
as determined by fMRI during tasks of verbal fluency, verb generation, and 
reading comprehension (Powell et al., 2006). 
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Figure 3.5 The lateralization of the three segments of the perisylvian 
network from late childhood to adolescence. A) Reconstruction of the three 
segments of the left arcuate fasciculus in a 20-year-old man. B) The graph 
shows the changes in volume of the right and left anterior segment 
between the age of 10 and 40 years. The axial slices show the visitations 
maps from a group of subjects of similar age. The volume of the anterior 
segment is  right lateralized in 12-year-old subjects and remains right 
lateralized throughout adolescence and early adulthood. C) An opposite 
pattern of lateralization is observed for the long direct segment. D) The 
posterior segment shows a rightwards lateralization before adolescence 
and becomes progressively more bilateral and smaller throughout 
adolescence and adulthood. (Catani et al., 2010).
The functional lateralization seems to correlate better with the 
lateralization of fractional anisotropy (Powell et al., 2006; Vernooij et al., 
2007). Other studies have correlated the anatomical lateralization of 
perisylvian segments with behavioural performance. The results are so far 
surprising. For example, the extreme left lateralization of the direct long 
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volume before adolescence, and a progressive bilateral distribution 
throughout adolescence and early adulthood (Figure 7.5) (Pugliese 
et al., 2008). These modifi cations in volume are likely to refl ect 
biological changes in white matter that accompany cortical pruning 
during dolescence. 
An important question is the extent to which structural differ-
ences between the two hemispheres correlate with functional lat-
eralization, and whether the anatomical lateralization of the 
perisylvian pathways refl ects differences in language performance. 
Preliminary studies combining tractography and fMRI reported no 
correlation between the lateralization of the arcuate fasciculus 
volume and the degree of functional lateralization as determined 
by fMRI during tasks of verbal fl uency, verb generation, and read-
ing comprehension (Powell et al., 2006). The functional lateraliza-
tion seems to correlate better with the lateralization of the fractional 
anisotropy (Powell et al., 2006; Vernooij et al., 2007). Other studies 
have correlated the anatomical lateralization of perisylvian seg-
ments with behavioural performances. The results are so far 
somehow surprising. For example, the extreme left lateralization of 
the direct long segment is associated with worse p rformance in a 
complex verbal memory task that relies on semantic clustering for 
retrieval (i.e. California Verbal Learning Test, CVLT) (Figure 7.4). 
Furthermore, no correlation was found between the lateralization 
of the anterior segment and performances on line bisection tests (a 
Figure 7.5 The lateralization of the three segments of the perisylvian network from late childhood to adolescence. A) Reconstruction of the three segments of the 
left arcuate fasciculus in a 20-year-old man. B) The graph shows the changes in volume of the right and left anterior segment between the age of 10 and 40 years. 
The axial slices show the visitations maps from a group of subjects of similar age. The volume of the anterior segment is right lateralized in 12-year-old subjects 
and remains right lateralized throughout adolescence and early adulthood. C) An opposite pattern of lateralization is observed for the long direct segment. 
D) The posterior segment shows a rightwards lateralization before adolescence and becomes progressively more bilateral and smaller throughout adolescence and 
adul hood. (Modifi ed from Puglies  et al., 2008). 
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segment is  associated with worse performance in a complex verbal 
memory task that relies on semantic clustering for retrieval (i.e. California 
Verbal Learning Test, CVLT) (Figure 3.4). Furthermore, no correlation was 
found between the lateralization of the anterior segment and performance 
on line bisection tests  (a test for visuospatial processing). Conversely a 
significant correlation was found between visuo-spatial attentional 
performance and lateralization of a more dorsal fronto-parietal tract that 
usually shows a degree of rightward asymmetry inferior to that of the 
anterior segment (Thiebaut de Schotten et al., 2011b). Overall these 
findings support the notion that lateralization of perisylvian pathways is an 
important aspect of human brain organization, but the correlation with 
functional activation and behaviour is not straightforward. The most 
asymmetric tracts  show little correlation with interhemispheric dominant 
functions, and paradoxically, it can be argued that a bilateral 
representation might ultimately be advantageous for certain cognitive 
functions (Catani et al., 2007).
3.5 Comparative anatomy of the perisylvian networks
Differences of neuronal connectivity in animal brains  account for most of 
the behavioural differences between species  (Striedter, 2005). Hence, by 
comparing human and simian connectional anatomy we may unveil the 
architectural backbone of human cognition and identify, for example, the 
evolutionary changes underlying the development of language. One theory 
of the evolution of language from early primates to human is that it 
involved a change in the strengths of perisylvian connections (Aboitiz and 
Garcia, 1997a, 1997b). These authors argue that two evolutionary 
tendencies occurred (Figure 3.6). First, posterior temporal and inferior 
parietal regions became increasingly connected, linking the auditory 
system and a pre-existing parietal–premotor loop involved in the 
generation of complex vocalizations. Second, the development of 
connections between posterior superior temporal and inferior frontal 
regions linked auditory to orofacial premotor regions.
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test for visuospatial processing). Conversely a signifi cant correlation 
was found between visuo-spatial attentional performances and lat-
eralization of a more dorsal fronto-parietal tract that usually shows 
a degree of rightward asymmetry inferior to that of the anterior 
segment (Thiebaut de Schotten et al., 2011b). Overall these fi nd-
ings support the notion that lateralization of perisylvian pathways is 
an important aspect of human brain organization, but the correla-
tion with functional activation and behaviour is not straightfor-
ward. The most asymmetric tracts show little correlation with 
interhemispheric dominant functions, and paradoxically, it can be 
argued that a bilateral representation might ultimately be advanta-
geous for certain cognitive functions (Catani et al., 2007). 
Comparative anatomy of the 
perisylvian networks 
Differences of neuronal connectivity in animal brains account for 
most of the behavioural differences between species (Striedter, 
2005). Hence, by comparing human and simian connectional anat-
omy we may unveil the architectural backbone of human cogni-
tion and identify, for example, the evolutionary changes underlying 
the development of language. One theory of the evolution of 
language from early primates to human is that it involved a change 
in the strengths of perisylvian connections (Aboitiz and Garcia, 
1997a, 1997b). These authors argue that two evolutionary tenden-
cies occured (Figure 7.6). First, posterior temporal and inferior pari-
etal regions became increasingly connected, linking the auditory 
system and a pre-existing parietal–premotor loop involved in the 
generation of complex vocalizations. Second, the development of 
connections between posterior superior temporal and inferior fron-
tal regions linked auditory to orofacial premotor regions. One may 
speculate that these two tendencies correspond to the evolution of 
the posterior and long segments of the arcuate fasciculus, respec-
tively, the anterior segment being, phylogenetically, the oldest 
component of the perisylvian network. This hypothesis can now be 
tested using tractography and comparing the parallel pathways 
model described in humans with the fi ndings from both axonal 
tracing and tractography studies in monkeys. Perisylvian connec-
tions in the monkey brain have been studied extensively using 
axonal tracing techniques; however, their signifi cance with respect 
to language remains controversial because homologies between 
cortical areas in monkeys and humans are unclear (Deacon, 1992; 
Schmahmann and Pandya, 2006). Furthermore the fi ndings on the 
Figure 7.6 Comparative differences between A) rhesus monkey, B) chimpanzee, and C) man. Note the progressive increase of volume of the long and posterior 
from monkey to man of the cortical areas corresponding to Broca’s (blue), Wernicke’s (pink) and Geschwind’s (cyan) territory. This increase is paralleled by a 
progressive development of the long (red) and posterior (yellow)  segments along the phylogeny scale.
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Figure 3.6 Comparative differences between rh sus monkey (left), 
chimpanzee (middle), and man (right). Note the progressive increase of 
volume of the long and posterior from monkey to man of the cortical areas 
corresponding to Broca’s  (blue), Wernicke’s (pink) and Geschwind’s (cyan) 
territory. This increase is paralleled by a progressive development of the 
long (red) and posterior (yellow) segments along the phylogeny scale.
One may specul te th t these two tendencies corresp nd to the e olution 
of the posterior and l ng segments of the arcuat  fasciculus, r spectively, 
the anteri r segment being, phylogen tically, the oldest ompo ent of the 
perisylvian network. This  hypothesis  can now be tested using tractography 
and comparing the parallel pathways model described in humans with the 
findings from both axonal tracing and tractography studies  in monkeys. 
Perisyl i  connections in the monkey brain have be n studied 
extensively using axonal tracing techn ques; however, their significa ce 
with respect to language remains  c ntroversial because homologi s 
between cortical areas in monkeys and humans are unclear ( eacon, 
1992; Schmahmann and Pandya, 2006). Furthermore the findings  on the 
segments of the arcuate fasciculus  are contradictory, as  some studies 
conclude that there is  no equivalent of the arcuate fasciculus in the 
monkey (Petrides  and Pandya, 1988; Schmahmann and Pandya, 2006;
Thiebaut de Schotten et al., 2012), whereas other authors describe a 
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specific pattern of connectivity between both the inferior parietal cortex 
and the putative Wernicke and Broca homologues similar to the anterior 
indirect and the direct long segment described in humans (Deacon, 1992; 
Petrides and Pandya, 2002). A recent tractography study suggests that a 
rudiment of the arcuate fasciculus may exist in monkeys and that it 
increases in complexity in chimpanzees  (Rilling et al., 2008). Overall, both 
axonal tracing and more recent tractography studies support the theory 
that evolution of language from monkey to human involved a change in the 
pattern of perisylvian connections (Catani et al., 2005). An important 
aspect is linked to the involvement of these tracts  in praxis. One may 
speculate that these findings support the hypothesis that language and 
praxis co-evolved in humans. 
3.6. The arcuate fasciculus in developmental language delay and 
ASD
The continuous formation and remodelling of long-range white matter 
connections occurring very early in life is  a necessary prerequisite for the 
development of normal language functions. Alterations of this process 
could be responsible for the delay in normal cognitive development or the 
emergence in childhood and adolescence of those symptoms which are 
typical of neurodevelopmental disorders  such as autism. Children with 
global developmental delay fail to achieve most, if not all, developmental 
milestones in speech and language, motor, cognitive, social, and 
emotional skills. Sundaram et al. (2008), performed tractography 
dissections of the arcuate fasciculus in a group of children with global 
developmental delay and in children with typical neurodevelopment. The 
authors were not able to dissect the long segment of the arcuate 
fasciculus bilaterally in half of the children with developmental delay, while 
a normal pattern was found in all typically developing children. The other 
tracts of the temporal lobe (i.e. inferior longitudinal fasciculus, uncinate, 
cingulum) were grossly intact, suggesting a specific developmental 
abnormality in the arcuate fasciculus.
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In ASD children Just et al., (2004) found reduced functional connectivity 
between Wernicke's  and Broca's area, whereas actual functions within 
these regions were intact. In young children with ASD an increased FA and 
average length of the arcuate fasciculus compared to the left has  been 
reported (Kumar et al., 2010; Poutska, 2011). This  pattern of asymmetry is 
different compared to those of children with neurotypical development who 
show a more symmetrical distribution. Furthermore, the volume of the right 
arcuate fasciculus was found to correlate with sterotypic symptoms 
(Kumar et al., 2010). In adolescents with high-functioning autism, the long 
segment of the arcuate fasciculus shows an increase of radial diffusivity, 
suggesting that anatomical abnormalities of the axonal membrane and/or 
myelin persist later in life (Fletcher et al., 2010). Abnormal DTI parameters 
(specifically significantly elevated MD values in ASD) of the arcuate 
fasciculus  have been reported to be associated with language 
development in children and adolescents with ASD (Billeci et al., 2012). 
These elevations are particularly pronounced in the left cerebral 
hemisphere, in the temporal portion of the arcuate, and in children with 
clinical language impairment (Nagae et al., 2012). Other studies that have 
used tractography to reconstruct the arcuate fasciculus found no FA 
differences in this tract in ASD (Knaus et al., 2009). All above studies 
suggest abnormalities of the arcuate fibres in ASD may explain impaired 
functional connectivity between language areas. However, there are no 
studies in adults with ASD and none of the studies above analysed the 
three segments of the arcuate fasciculus separately. An analysis  of the 
three segments could reveal a different involvement and a correlation of 
each segment with specific language symptoms. 
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CHAPTER 4 
THE EXTENDED LIMBIC CIRCUIT
4.1 Introduction
A series of milestones beginning in the earliest moments  of life set the 
foundations for sophisticated socio-emotional functioning in human 
development. Typically developing infants display a preferential interest for 
social stimuli within minutes of life. By six months of age, the ability to 
discriminate affective expressions in others emerges, and social 
referencing develops as a tool to make sense of the environment (Molnar-
Szakacs et al., 2009). Toward the end of the first year, joint attention 
appears (the ability to direct another’s attention to an object/person of 
interest), a maturational step that predicts later language acquisition. At 
roughly the same time, increased imitative behaviour emerges (Sigman et 
al., 2006, Molnar-Szakacs et al., 2009). By four years  of age, theory of 
mind surfaces - the ability to understand the interests and intentions of 
others as distinct from one’s own (Baron-Cohen et al., 1985) - a critical 
building block for advanced socio-emotional ability. In contrast, infants 
later diagnosed with ASD have been shown to orient less to social stimuli, 
exhibit decreased social interest, reduced imitation, eye contact, and 
social smiling, within the first year of life (Zwaigenbaum et al., 2005). 
Young children with ASD (i.e., ~4 years of age) are less reactive to faces 
(Dawson et al., 2002, Johnson et al., 2005), exhibit decreased social 
imitation (Rogers et al., 2004), social referencing (Sigman et al., 1992), 
joint attention (Mundy et al., 1986), and are impaired on theory of mind 
tasks (Baron-Cohen et al., 1985, Elsabbagh and Johnson, 2007), 
compared to typically developing children. Some research has indicated 
that social impairment typically found in ASD may be related to an 
abnormal development of the limbic pathways.  
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The long-range white matter tracts of the limbic system mediating 
connectivity within the extended socio-emotional processing system take 
on a particularly protracted developmental course. For example, the 
uncinate fasciculus, and cingulum bundle continue to mature past the 
second decade of life in typical development (Lebel et al., 2008). 
Therefore, an early neurodevelopmental insult, as  indicated in ASD, may 
significantly impair development of such late maturing white matter tracts 
and interfere with integrated activity in dependent circuits. The study of the 
long white matter pathways of the limbic system has been one of the most 
intense fields of research in ASD. In this chapter the anatomy and 
functional correlates of the limbic system are reviewed together with 
structural and functional studies in ASD. 
4.2 Historical overview of the limbic system
The limbic system is a group of interconnected cortical and subcortical 
structures dedicated to linking visceral states  and emotion to cognition and 
behaviour (Mesulam, 2000). The use of the term ‘limbic’ has changed over 
time. Initially introduced by Thomas Willis (1664) to designate a cortical 
border encircling the brainstem (limbus, Latin ‘border’) the term has been 
used in modern neuroscience to indicate a progressively increasing 
number of regions dedicated to a wide range of functions (for a historical 
review see Mega et al., 1997; Marshall and Magoun, 1998). Paul Broca 
(1878) held the view that ‘le grand lobe limbique’ was mainly an olfactory 
structure common to all mammalian brains, although he argued that its 
functions were not limited to olfaction. The accumulation of experimental 
evidence from ablation studies in animals broadened the role of the limbic 
structures to include other aspects of behaviour such as controlling social 
interactions, regulating predatory behaviour (Brown and Schäfer, 1888), 
consolidating memories (Bechterew, 1900), and forming emotions 
(Cannon, 1927). Anatomical and physiological advancements in the field 
led Christfield Jakob (1906) and James Papez (1947) to formulate the first 
unified network model for linking action and perception to emotion (Figure 
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4.1). According to Papez, ‘emotion may arise in two ways: as a result of 
psychic activity and as consequence of hypothalamic activity’. The psychic 
activity enters the circuit (later named after Papez) through the 
hippocampus while visceral and somatic perceptions enter the circuit 
through the hypothalamus. Thus, according to Papez:
Incitations of cortical origin would pass first to the hippocampal formation 
and then down by way of the fornix to the mammillary body. From this they 
would pass upward through the mammillo-thalamic tract, or the fasciculus 
of Vicq d’Azyr, to the anterior nuclei of the thalamus and thence by the 
medial thalamocortical radiation [or anterior thalamic projections] to the 
cortex of the gyrus cinguli [...] The cortex of the cingular gyrus may be 
looked on as the receptive region for the experiencing of emotion as the 
result of impulses coming from the hypothalamic region [...] Radiation of 
the emotive process from the gyrus cinguli to other regions in the cerebral 
cortex would add emotional coloring to psychic processes occurring 
elsewhere. (Papez, 1947)
A decade later, Paul Yakovlev (1948), independently from Papez, 
proposed that the orbitofrontal cortex, insula, amygdala, and anterior 
temporal lobe form a network underlying emotion and motivation. In two 
seminal papers published in 1949 and 1952, Paul D. MacLean crystallized 
previous works by incorporating both the Papez and Yakovlev view into a 
model of the limbic system that has remained almost unchanged since 
(MacLean, 1949, 1952). MacLean concluded that the limbic cortex, 
together with the limbic subcortical structures, is  a functionally integrated 
system interconnected by short- and long-range fibre bundles (Figure 4.1).
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Introduction
The limbic system is a group of interconnected cortical and subcor-
tical structures dedicated to linking visceral states and emotion to 
cognition and behaviour (Mesulam, 2000). The use of the term 
‘limbic’ has changed over time. Initially introduced by Thomas Willis 
(1664) to designate a cortical border encircling the brainstem 
(limbus, Latin ‘border’) the term has been used in modern neurosci-
ence to indicate a progressively increasing number of regions dedi-
cated to a wide range of functions (for a historical review see 
Mega et al., 1997; Marshall and Magoun, 1998). Paul Broca (1878) 
held the view that ‘le grand lobe limbique’ was mainly an olfactory 
structure common to all mammalian brains, although he argued 
that its functions were not limited to olfaction. The accumulation of 
experimental evidence from ablation studies in animals broadened 
the role of the limbic structures to include other aspects of behav-
iour such as controlling social interactions, regulating predatory 
behaviour (Brown and Schäfer, 1888), consolidating memories 
(Bechterew, 1900), and forming emotions (Cannon, 1927). 
Anatomical and physiological advancements in the fi eld led 
Christfi eld Jakob (1906) and James Papez (1937) to formulate the 
fi rst unifi ed network model for linking action and perception to 
emotion (Figure 11.1). According to Papez, ‘emotion may arise in 
two ways: as a result of psychic activity and as consequence of 
hypothalamic activity’. The psychic activity enters the circuit (later 
named after Papez) through the hippocampus while visceral and 
somatic perceptions enter the circuit through the hypothalamus. 
Thus, according to Papez: 
Incitations of cortical origin would pass fi rst to the hippocampal 
formation and then down by way of the fornix to the mammillary 
body. From this they would pass upward through the mammillo-
thalamic tract, or the fasciculus of Vicq d’Azyr, to the anterior nuclei 
of the thalamus and thence by the medial thalamocortical radiation 
[or anterior thalamic projections] to the cortex of the gyrus cin-
guli […] The cortex of the cingular gyrus may be looked on as the 
receptive region for the experiencing of emotion as the result of 
impulses coming from the hypothalamic region […] Radiation of 
the emotive process from the gyrus cinguli to other regions in the 
cerebral cortex would add emotional coloring to psychic processes 
occurring elsewhere. (Papez, 1937.)
Figure 11.1 Representations of the limbic system, including comparison of (A) the original circuit proposed by Papez in 1937 and (B) current in vivo tractography 
reconstructions. C) A diagram of limbic interconnections based on McLean’s 1952 proposal for a unitary model consisting of Papez circuit (grey boxes connected 
through the fornix, mamillo-thalamic tract, anterior thalamic projections, and cingulum) and Yakovlev’s amygdala-orbitofrontal network (orange boxes); OFC, 
orbitofrontal cortex. The colours in (B) and (C) correspond to the tracts in the legend. a, anterior nucleus; cc, corpus callosum; cn, caudate nucleus; cp, cingulum 
posterior; d, gyrus dentatus; f, fornix; gc, gyrus cinguli; gh, gyrus hippocampi; gs, gyrus subcallosus; h, hippocampus; m, mammillary body; mt, mammillo-thalamic 
tract; p, pars optica hipothalami; pr, piriform area; sb, subcallosal bundle; t, tuber cinereum; td, tractus mammillo-tegmentalis; th, tractus hypophyseus; u, uncus.
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Fig re 4.1 Representati ns of the limbic system, including compariso  of 
(A) the original circuit proposed by Papez in 1947 and (B) current in vivo 
tracto aphy reconstructions. C) A diagr m of limbic interconnections 
based on McLean’s 1952 proposal for a unitary model consisting of Papez 
circuit (grey boxes connected through the fornix, mamillo-thalamic tract, 
anterior thalamic projections, and cingulum) and Yakovlev’s amygdala-
orbitofr tal network (orange boxes); OFC, rbitofr ntal c rtex. The 
colours in (B) and (C) correspond to the tracts in the legend. a, anterior 
nucleus; cc, corpus callosum; cn, caudate nucleus; cp, cingulum posterior; 
d, gyrus dentatus; f, fornix; gc, gyrus cinguli; gh, gyrus hippocampi; gs, 
gyrus subcallosus; h, hippocampus; m, mammillary body; mt, mammillo-
thalamic tract; p, pars optica hipothalami; pr, piriform area; sb, subcallosal 
bundle; t, tuber cinereum; td, tractus mammillo-tegmentalis; th, tractus 
hypophyseus; u, uncus.
4.3 Fornix
The fornix is mainly a projection tract connecting the hippocampus with the 
mammillary body, the anterior thalamic nuclei, and the hypothalamus; it 
also has a small commissural component known as the hippocampal 
commissure (Crosby et al., 1962; Aggleton, 2008; Nieuwenhuys et al., 
2008). Figure 4.2 shows two views of the fornix reconstructed with in vivo 
diffusion tensor tractography (Catani et al., 2002). 
56
Limbic system   441
A decade later, Paul Yakovlev (1948), independently from Papez, 
proposed that the orbitofrontal cortex, insula, amygdala, and ante-
rior temporal lobe form a network underlying emotion and motiva-
tion. In two seminal papers published in 1949 and 1952, Paul D. 
MacLean crystallized previous works by incorporating both the 
Papez and Yakovlev view into a model of the limbic system that 
has remained almost unchanged since (MacLean, 1949, 1952). 
MacLean concluded that the limbic cortex, together with the limbic 
subcortical structures, is a functionally integrated system intercon-
nected by short- and long-range fi bre bundles (Figure 11.1). 
Fornix
The fornix is mainly a projection tract connecting the hippocampus 
with the mammillary body, the anterior thalamic nuclei, and the 
hypothalamus; it also has a small commissural component known 
as the hippocampal commissure (Crosby et al., 1962; Aggleton, 
2008; Nieuwenhuys et al., 2008). Figure 11.2 shows two views of 
the fornix reconstructed with in vivo diffusion tensor tractography 
(Catani et al., 2002). Fibres arise from the hippocampus (subiculum 
and entorhinal cortex) of each side, run through the fi mbria, and 
join beneath the splenium of the corpus callosum to form the body 
of the fornix. Other fi mbrial fi bres continue medially, cross the 
midline, and project to the contralateral hippocampus. Most of the 
fi bres within the body of the fornix run anteriorly beneath the body 
of the corpus callosum towards the anterior commissure. Above 
the interventricular foramen, the anterior body of the fornix divides 
into right and left columns. As each column approaches the ante-
rior commissure it diverges again into two components. One of 
these, the posterior columns of the fornix, curve ventrally in front of 
the interventricular foramen of Monroe and posterior to the ante-
rior commissure to enter the mammillary body (post-commissural 
fornix), adjacent areas of the hypothalamus, and anterior thalamic 
nucleus. The second component, the anterior columns of the fornix, 
enter the hypothalamus and project to the septal region and 
nucleus accumbens (Aggleton, 2008). The fornix also contains 
some afferent fi bres to the hippocampus from septal and hypotha-
lamic nuclei. (Niewenhuys et al 2008). 
Mammillo-thalamic tract
The fi bres of the mammillo-thalamic tract (bundle of Vicq d’Azyr) 
originate from the mammillary bodies and after a very short course 
terminate in the anterior and dorsal nuclei of the thalamus (Figure 
11.1). A ventrally directed branch projects from the mammillary 
bodies to the tegmental nuclei (mammillo-tegmental tract). 
According to Nauta (1958), the mammillo-tegmental tract together 
with other fi bres of the medial forebrain bundle, forms an impor-
tant circuit between medial limbic structures of the midbrain 
and hypothalamus to relate visceral perception to emotion and 
 behaviour. 
Anterior thalamic projections
The anterior thalamic nuclei receive projections from the fornix and 
mammillo-thalamic tract and connect through the anterior thal-
amic projections to the orbitofrontal and anterior cingulate cortex 
(Figure 11.1). The anterior thalamic projections run in the anterior 
limb of the internal capsule (see also Chapter 10).
Figure 11.2 A) Lateral and B) anterior views of a tractographic reconstruction of the fornix. Note that the fi bres of the hippocampal commissure run together with 
the temporal fi bres of the fornix. (Catani et al., 2002)
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Figure 4.2 A) Lateral and B) anterior views of a tractographic 
reconstruction of the fornix. Note that the fibres of the hippocampal 
commissure run together with the temporal fibres  of the fornix. (Catani et 
al., 2002).
Fibres arise from t e hippocampus (s biculum and ntorhinal cortex) of 
each side, run through the fimbria, and join beneath the splenium of the 
corpus callosum to form the body of the fornix. Other fimbrial fibres 
continue medially, cross the midline, and project to the contralateral 
hippocampus. Most of the fibres within the b dy of the fornix ru  anteriorly 
beneath the body of t  cor us  callosum towards the nterior 
commis ure. Above the interv ntricular foram n, the anterior body of the 
fornix divides into right and left columns. As each column approaches the 
anterior commissure it diverges again into two components. One of these, 
the posterior columns of the fornix, curve ventrally in front of the 
int rventricular fo am n of Monroe and posterior to the anterior 
commiss e to n r the mammillary body (post-commiss ral fo nix), 
adjacent areas of the hypothalamus, and anterior th lamic nucleus. The 
second component, the anterior columns of the fornix, enter the 
hypothalamus and project to the septal region and nucleus  accumbens 
(Aggleton, 2008). The fornix also contains some afferent fibres to the 




The fibres of the mammillo-thalamic tract (bundle of Vicq d’Azyr) originate 
from the mammillary bodies and after a very short course terminate in the 
anterior and dorsal nuclei of the thalamus (Figure 4.1). A ventrally directed 
branch projects from the mammillary bodies to the tegmental nuclei 
(mammillo-tegmental tract). According to Nauta (1958), the mammillo-
tegmental tract together with other fibres of the medial forebrain bundle, 
forms an important circuit between medial limbic structures of the midbrain 
and hypothalamus to relate visceral perception to emotion and behaviour.
4.5 Anterior thalamic projections 
The anterior thalamic nuclei receive projections from the fornix and 
mammillo-thalamic tract and connect through the anterior thalamic 
projections to the orbitofrontal and anterior cingulate cortex (Figure 4.1). 
The anterior thalamic projections  run in the anterior limb of the internal 
capsule. 
4.6 Cingulum
Figure 4.3A shows a lateral view of the trajectory of the cingulum as 
reconstructed with tractography. The cingulum contains fibres of different 
lengths, the longest running from the amygdala, uncus, and 
parahippocampal gyrus  to sub-genual areas of the frontal lobe (Crosby et 
al., 1962; Nieuwenhuys et al., 2008). From the medial temporal lobe, 
these fibres reach the occipital lobe and arch almost 180 degrees around 
the splenium to continue anteriorly within the white matter of the cingulate 
gyrus. The dorsal and anterior fibres of the cingulum follow the shape of 
the superior aspect of the corpus callosum. After curving around the genu 
of the corpus callosum, the fibres terminate in the subcallosal gyrus and 
the paraolfactory area (Crosby et al., 1962). Shorter fibres that join and 
leave the cingulum along its  length, connect adjacent areas of the medial 
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frontal gyrus, paracentral lobule, precuneus, cuneus, cingulate, lingual, 
and fusiform gyri (Déjérine, 1895; Nieuwenhuys et al., 2008).
The cingulum can be divided into an anterior-dorsal component, which 
constitutes most of the white matter of the cingulate gyrus, and a 
posterior-ventral component running within the parahippocampal gyrus, 
retrosplenial cingulate gyrus, and posterior precuneus. Preliminary data 
suggest that these subcomponents of the cingulum may have different 
anatomical features. For example, a higher fractional anisotropy has been 
found in the left anterior- dorsal segment of the cingulum compared to 
right, but reduced fractional anisotropy has been reported in the left 
posterior-ventral component compared to the right (Park et al., 2004; 
Gong et al., 2005; Wakana et al., 2007). Notwithstanding this, the volume 
of the cingulum is bilateral and symmetrical in most subjects  (Thiebaut de 
Schotten et al., 2011).
4.7 Uncinate fasciculus
The uncinate fasciculus connects the anterior part of the temporal lobe 
with the orbital and polar frontal cortex. In the tractography reconstruction 
presented in Figure 4.3B, C, the fibres of the uncinate fasciculus  originate 
from the temporal pole, uncus, parahippocampal gyrus, and amygdala, 
then after a U-turn, enter the floor of the external/extreme capsule. In 
between the insula and the putamen, the uncinate fasciculus runs inferior 
to the fronto-occipital fasciculus before entering the orbital region of the 
frontal lobe. Here, the uncinate splits into a ventro-lateral branch, which 
terminates in the anterior insula and lateral orbitofrontal cortex, and an 
antero-medial branch that continues  towards the cingulate gyrus and the 
frontal pole (Déjérine, 1895; Crosby et al., 1962). Whether the uncinate 
fasciculus is a lateralized bundle is still debated. An asymmetry of the 
volume and density of fibres of this fasciculus has been reported in one 
post-mortem neurohistological human study in which the uncinate 
fasciculus was found to be asymmetric in 80% of subjects, containing on 
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average 40% more fibres  in the right hemisphere compared to the left 
(Highley et al., 2002). However, diffusion measurements have also shown 
higher fractional anisotropy in the left uncinate compared to the right in 
children and adolescents (Eluvathingal et al., 2007) but not in adults 
(Thiebaut de Schotten et al., 2011).
Figure 4.3 Tractographic reconstruction of A) the cingulum in lateral view 
and the uncinate fasciculus  in B) lateral and C) superior view (Catani et 
al., 2002).
4.8 Functional anatomy of the limbic system
The limbic system has always been considered as a complex arrangement 
of transitional structures situated between a visceral ‘primitive’ subcortical 
brain and a more evolved cortical one (Yakovlev, 1948; MacLean, 1952). 
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Cingulum
Figure 11.3A shows a lateral view of the trajectory of the cingulum 
as reconstructed with tractography. The cingulum contains fi bres 
of different lengths, the longest running from the amygdala, uncus, 
and parahippocampal gyrus to sub-genual areas of the frontal lobe 
(Crosby et al., 1962; N euwenhuys et al., 2008). From the medial 
temporal lobe, these fi bres reach the occipital lobe and arch almost 
180 degrees around the splenium to continue anteriorly within the 
white matter of the cingulate gyrus. The dorsal and anterior fi bres 
of the cingulum follow the shape of the superior aspect of the 
corpus callosum. After curving around the genu of the corpus callo-
sum, the fi bres terminate in the subcallosal gyrus and the paraol-
factory area (Crosby et al., 1962). Shorter fi bres that join and leave 
the cingulum along its length, connect adjacent areas of the medial 
frontal gyrus, paracentral lobule, precuneus, cuneus, cingulate, 
lingual, and fusiform gyri (Déjérine, 1895; Nieuwenhuys et al., 2008). 
The cingulum can be divided into an anterior-dorsal component, 
which constitutes most of the white matter of the cingulate gyrus, 
and a posterior-ventral component running within the parahip-
pocampal gyrus, retrosplenial cingulate gyrus, and posterior precu-
neus. Preliminary data suggest that these subcomponents of the 
cingulum may have different anatomical features. For example, a 
higher fractional anisotropy has been found in the left anterior-
dorsal segment of the cingulum compared to right, but reduced 
fractional anisotropy has been reported in the left posterior-ventral 
component compared to the right (Park et al., 2004; Gong et al., 
2005; Wakana et al., 2007). Notwithst nding this, the volume of 
the cingulum is bilateral and symmetrical in most subjects (Thiebaut 
de Schotten et al., 2011).
Uncinate fasciculus 
The uncinate fasciculus connects the anterior part of the temporal 
lobe with the orbital and polar frontal cortex. In the tractography 
reconstruction presented in Figure 11.3B, C, the fi bres of the 
 uncinate fasciculus originate from the temporal pole, uncus, 
Figure 11.3 Tractographic reconstruction of A) the cingulum in lateral view and the uncinate fasciculus in B) lateral and C) superior view (Catani et al., 2002). 
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The subcortical limbic structures include the amygdala, mammillary 
bodies, hypothalamus, some thalamic nuclei (i.e. anterior, intralaminar, 
and medial dorsal groups) and the ventral striatum (i.e. nucleus 
accumbens). The neurons  and fibres composing the subcortical limbic 
structures present a simple arrangement, not dissimilar to other 
subcortical nuclei of the brainstem regulating basic metabolism, 
respiration, and circulation. The cortical components of the limbic system 
include areas of increasing complexity separated into limbic and 
paralimbic zones (Mesulam, 2000). At the lower level the corticoid areas of 
the amygdaloid complex, substantia innominata, together with septal and 
olfactory nuclei display an anatomical organization that lacks consistent 
lamination and dendritic orientation. These structures are in part 
subcortical and in part situated on the ventral and medial surfaces of the 
cerebral hemispheres. The next level of organization is the allocortex of 
the olfactory regions and hippocampal complex, where the neurons are 
well differentiated into layers and their dendrites show an orderly pattern of 
orientation. The corticoid and allocortical regions  are grouped together and 
form the limbic zone of the cerebral cortex. The paralimbic zone of the 
cortex is mainly composed of ‘mesocortex’, whose progressive level of 
structural complexity ranges from a simplified arrangement similar to the 
allocortex, to the most complex six-layered isocortex.
The limbic and paralimbic zones can also be divided into olfactocentric 
and hippocampocentric groups (Figure 4.4) (Mega et al., 1997; Mesulam, 
2000). Each division is organized around a central core of allocortex. The 
olfactocentric division is  organized around the primary olfactory piriform 
cortex and includes the orbitofrontal, insular and temporopolar region. The 
hippocampocentric division is organized around the hippocampus and 
includes the parahippocampal and cingulate cortex. Both divisions have 
reciprocal connections with subcortical limbic structures and surrounding 
isocortical regions (Figure 4.4). The two divisions overlap in the anterior 
cingulate cortex.
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 parahippocampal gyrus, and amygdala, then after a U-turn, enter 
the fl oor of the external/extreme capsule. In between the insula 
and the putamen, the uncinate fasciculus runs inferior to the 
fronto-occipital fasciculus before entering the orbital region of the 
frontal lobe. Here, the uncinate splits into a ventro-lateral branch, 
which terminates in the anterior insula and lateral orbitofrontal 
cortex, and an antero-medial branch that continues towards the 
cingulate gyrus and the frontal pole (Déjérine, 1895; Kingler and 
Gloor, 1960; Crosby et al., 1962). Whether the uncinate fascicu-
lus is a lateralized bundle is still debated. An asymmetry of the 
volume and density of fi bres of this fasciculus has been reported in 
one post-mortem neurohistological human study in which the unci-
nate fasciculus was found to be asymmetric in 80% of subjects, 
containing on average 30% more fi bres in the right hemisphere 
compared to the left (Highley et al., 2002). However, diffusion 
measurements have also shown higher fractional anisotropy in the 
left uncinate compared to the right in children and adolescents 
(Eluvathingal et al., 2007) but not in adults (Thiebaut de Schotten 
et al., 2011). 
Functional anatomy of the limbic system
The limbic system has always been considered as a complex 
arrangement of transitional structures situated between a visceral 
‘primitive’ subcortical brain and a more evolved cortical one 
(Yakovlev, 1948; MacLean, 1952).  
The subcortical limbic structures include the amygdala, mammil-
lary bodies, hypothalamus, some thalamic nuclei (i.e. anterior, 
intralaminar, and medial dorsal groups) and the ventral striatum 
(i.e. nucleus accumbens). The neurons and fi bres composing the 
subcortical limbic structures present a simple arrangement, not dis-
similar to other subcortical nuclei of the brainstem regulating basic 
metabolism, respiration, and circulation.
The cortical components of the limbic system include areas of 
increasing complexity separated into limbic and paralimbic zones 
(Mesulam, 2000). At the lower level the corticoid areas of the amy-
gdaloid complex, substantia innominata, together with septal and 
olfactory nuclei display an anatomical organization that lacks con-
sistent lamination and dendritic orientation. These structures are in 
part subcortical and in part situated on the ventral and medial sur-
faces of the cerebral hemispheres. The next level of organization is 
the allocortex of the olfactory regions and hippocampal complex, 
where the neurons are well differentiated into layers and their den-
drites show an orderly pattern of orientation. The corticoid and 
allocortical regions are grouped together into the limbic zone of 
the cerebral cortex as distinct from the paralimbic zone. The latter 
is mainly composed of ‘mesocortex’, whose progressive level of 
structural complexity ranges from a simplifi ed arrangement similar 
to the allocortex, to the most complex six-layered isocortex. 
Figure 11.4 Functional-anatomical separation of the limbic zone, paralimbic belt and isocortical areas into olfactocentric (blue) and hippocampocentric (red) 
divisions. Some regions (e.g. BA 10, 11, 21, 22, 24, 32, 36, 47) are connected to both divisions.
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Figure 4.4 Functional-anatomical separation of the limbic zone, paralimbic 
belt and isocortical areas into olfactocentric (blue) and hippocampocentric 
(red) divisions. Some regions  (e.g. BA 10, 11, 21, 22, 24, 42, 46, 47) are 
connected to both divisions.
Functionally the limbic and paralimbic areas contribute to the activity of 
three distinct networks (Figure 4.5).
The e work composed of the die cephalic-hippocampal imbic structures 
(connected through the fornix and mammillo-thalamic tract) and the
parahippocampal-retrosplenial circuit (ventral cingulum) is dedicated to 
memory and spatial orientation (Aggleton, 2008; Vann et al., 2009). Some 
of the structures composing the network are particularly vulnerable to 
damage caused by viral infections (e.g. encephalitis) or alcohol (e.g. 
Korsakoff’s syndrome) (Figure 4.5). Imaging studies have documented 
altered metabolism and reduced functional ctivation of this  network also 
in neurodegenerative disorders, Alzheimer’s disease (Buckner et al., 
2005).
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The limbic and paralimbic zones can also be divided into olfacto-
centric and hippocampocentric groups (Figure 11.4) (Mega et al., 
1997; Mesulam, 2000). Each division is organized around a central 
core of allocortex. The olfactocentric division is organized around 
the primary olfactory piriform cortex and includes the orbitofrontal, 
insular and temporopolar region. The hippocampocentric division is 
organized around the hippocampus and includes the parahippoc-
ampal and cingulate cortex. Both divisions have reciprocal connec-
tions with subcortical limbic structures and surrounding isocortical 
regions (Figure 11.4). The two divisions overlap in the anterior cin-
gulate cortex.
Functionally the paralimbic areas contribute to the activity of 
three distinct networks (Figure 11.5).
The network composed of the diencephalic-hippocampal limbic 
structures (connected through the fornix and mammillo-thalamic 
tract) and the parahippocampal-retrosplenial circuit (ventral cingu-
lum) is dedicated to memory and spatial orientation (Aggleton, 
2008; Vann et al., 2009). Some of the structures composing the 
network are particularly vulnerable to damage caused by viral infec-
tions (e.g. encephalitis) or alcohol (e.g. Korsakoff’s syndrome) 
(Figure 11.5). Imaging studies have documented altered metabo-
lism and reduced functional activation of this network also in 
 neurodegenerative disorders, Alzheimer’s disease (Buckner et al., 
2005).
The temporo-amygdala-orbitofrontal network (connected 
through the uncinate fasciculus) is dedicated to the integration of 
visceral and emotional states, cognition, and behaviour (Mesulam, 
2000). In animal studies, disconnection of the uncinate fasciculus 
causes impairment of object-reward association learning and 
reduced performances in memory tasks involving temporally com-
plex visual information (Gaffan and Wilson, 2008). Tasks involving 
the monitoring of outcomes activate in the medial orbital cortex 
(Amodio and Frith, 2006). Damage to this network manifests with 
cognitive and behavioural symptoms characteristic of temporal lobe 
epilepsy, mood disorders, traumatic brain injury, and neurodegen-
erative dementias, including advanced Alzheimer’s disease and 
semantic dementia (Figure 11.5). 
The default-mode network consists a group of medial and lateral 
regions whose activity decreases during goal-directed tasks (Raichle 
et al., 2001; Raichle and Snyder, 2007). The anterior cingulate-
medial prefrontal cortex and the posterior cingulate-precuneus 
form the medial portion of the default-mode network and are 
interconnected through the dorsal cingulum. In functional imaging 
studies the default-mode network is active during the ‘resting 
state’, a condition in which the majority of the subjects engage in 
an introspective, self-directed stream of thought (i.e. similar to 
 daydreaming). A synchronous deactivation of the default network 
is observed in the transition between the ‘resting state’ and the 
execution of goal directed tasks, irrespective of the nature of the 
task. The deactivation of the default-mode network has been linked 
to a number of functions including working memory, focusing 
attention to sensorially driven activities, understanding other 
 people’s intention (mentalizing or theory of mind), prospective 
thinking (envisioning the future) and memory for personal events 
(autobiographic memory) (Amodio and Frith, 2006). Altered activa-
tion of the default network has been reported in functional imag-






• Memory and learning
• Spatial orientation (navigation)
• Amnesias
• Korsakoff’s syndrome
• Mild cognitive impairment







• Multimodal sensory integration
• Response inhibition
• Outcome monitoring
• Object-reward association 
 learning 
• Memory for temporally complex 
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• Depression
• Temporal lobe epilepsy
• Semantic dementia













• Pain perception 
• Empathy
• Person perception
• Mild cognitive impairment
• Alzheimer’s disease (early)
• Autism









orbitofrontal network  
medial ‘default network’
Figure 11.5 The medial limbic structures participating in the activity of three distinct but partially overlapping networks. The main connections of the 
hippocampal-diencephalic-retrosplenial network are the fornix and the ventral cingulum; the cortical regions of this network are indicated in yellow, while its 
functions and corresponding clinical disorders are listed in the table. The nodes of the temporo-amydgala-orbitofrontal network (indicated in green) are connected 
by the uncinate fasciculus. The dorsal cingulum is the main connection of the medial default network, whose cortical projections are shown in blue.
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Figure 4.5 The medial li bic structures participating in the activity of three 
distinct but partially overlapping networks. The main connections of the 
hippocampal-diencephalic-retrosplenial network are the fornix and the 
ventral cingulum; the cortical r gions of this network are indicated in 
yellow, while its  functions  and corresponding clinical disorders are listed in 
the table. The nodes of the temporo-a y gala-orbitofro tal n twork 
(indicated in green) are connected by the uncinate fasciculus. The dorsal 
cingul m is the main con ection of the medial default netw rk, whose 
cortical projections are shown in blue.
The t mporo-amygdala-orbitofrontal n tw rk (conn cted t rough the
uncinate fasciculus) is  dedicated to the integration of viscer l and
emotional states, cognition, and behaviour (Mesulam, 2000). In animal 
studies, disconnection of the uncinate fasciculus  causes impairment of 
object-reward association learning and reduced performances in memory 
tasks involving temporally complex visual information (Gaffan and Wilson, 
2008). Tasks involving the monitoring of outcomes activate in the medial 
orbital cortex (Amodio and Frith, 2006). Damage to this  network manifests 
with cognitive and behavioural symptoms characteristic of temporal lobe 
epilepsy, mood disorders, traumatic brain injury, and neurodegenerative 
dementias, including advanced Alzheimer’s  disease and semantic 
dementia (Figure 4.5).
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The default-mode network consists a group of medial and lateral regions 
whose activity decreases during goal-directed tasks (Raichle et al., 2001; 
Raichle and Snyder, 2007). The anterior cingulate-medial prefrontal cortex 
and the posterior cingulate-precuneus form the medial portion of the 
default-mode network and are interconnected through the dorsal cingulum. 
In functional imaging studies the default-mode network is active during the 
‘resting state’, a condition in which the majority of the subjects engage in 
an introspective, self-directed stream of thought (i.e. similar to 
daydreaming). A synchronous deactivation of the default network is 
observed in the transition between the ‘resting state’ and the execution of 
goal directed tasks, irrespective of the nature of the task. The deactivation 
of the default-mode network has been linked to a number of functions 
including working memory, focusing attention to sensorially driven 
activities, understanding other people’s intention (mentalizing or theory of 
mind), prospective thinking (envisioning the future) and memory for 
personal events (autobiographic memory) (Amodio and Frith, 2006). 
Altered activation of the default network has been reported in functional 
imaging studies of patients with neuropsychiatric disorders (Broyd et al., 
2009) (Figure 4.5).
4.9 Limbic system in ASD
4.9.1 Post-mortem histology
Post-mortem studies in ASD have most often examined small samples of 
individuals with impaired intelligence and co-morbid seizure disorder. 
Therefore, results  may be confounded by co-morbid conditions, and 
limited with respect to generalizability across the autism spectrum. 
Nonetheless, the available data points to abnormal development of frontal 
and temporal limbic structures (Bauman and Kemper, 2004, Palmen et al., 
2004, Casanova, 2007). Bauman and Kemper’s  whole brain serial 
sections highlighted reduced neural size and increased packing density 
within frontal and temporal limbic (grey matter) structures (e.g., amygdala, 
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hippocampus, and anterior cingulate gyrus) in ASD (Bauman and Kemper, 
2005). Subsequently, post-mortem examination indicated cortical 
dysgenesis within superior frontal and temporal, grey and white matter 
regions (Bailey et al., 1998). Thereafter, Vargas and colleagues found 
post-mortem evidence of pronounced white matter inflammation in ASD, 
with significant effects  on medial frontal and anterior cingulate white matter 
(Vargas et al., 2005). These findings raised the possibility that prominent 
white matter pathology within limbic pathways may relate to socio-
emotional deficits in ASD. 
More recently, post-mortem analyses using stereological methods  have 
shown reductions in neural size affecting amygdala input and fusiform 
cortex output regions in ASD (Schumann and Amaral, 2006, van Kooten et 
al., 2008). Casanova and colleagues reported evidence for increased 
numbers of neuronal processing units, known as cortical minicolumns 
(Mountcastle, 1997), within frontal and temporal cortex in post-mortem 
studies of ASD versus controls  (Casanova et al., 2002a, b). Further, these 
researchers found pronounced minicolumn effects in fronto-limbic (fronto-
polar and anterior cingulate) regions in ASD (Casanova, 2004, Casanova 
et al., 2006). As minicolumns are highly inter-connected, additional 
minicolumns in brain development have been proposed to disrupt normal 
maturation of white matter connectivity, driving increased formation of 
short-range connections between local minicolumns, and interfering with 
the maturation of long-range connections linking distant regions in ASD 
(Casanova, 2004). Following this theory, pronounced fronto-limbic 
abnormalities should translate into impaired connectivity within relevant 
circuitry.
 
Zikopoulos and Barbas conducted direct post-mortem examination of 
frontal white matter connections in autism (Zikopoulos and Barbas, 2010). 
These researchers found that individuals with ASD have increased density 
among small-diameter axons (representative of short-range white matter 
connections), and decreased large-diameter axon density (representative 
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of long-range white matter connections) in anterior cingulate white matter 
in ASD subjects as compared to controls. In this study, reduced myelin 
thickness was also found in orbitofrontal white matter. Therefore, this 
preliminary work provides direct evidence of altered axon density and 
myelin disruption in the fronto-limbic white matter pathways, in ASD. Post-
mortem studies  are, however, limited in testing whether these 
abnormalities underly specific symptoms in ASD. This aspect has been 
addressed in part by in vivo structural studies.  
4.9.2 Structural imaging
Structural MRI studies  expand on post-mortem data by providing the 
means for large-scale in vivo examination of brain structure. Voxel-wise 
comparisons of grey matter volume and cortical thickness have highlighted 
widespread volumetric abnormalities in a number of socio-emotional 
processing regions in ASD, including: orbitofrontal cortex, medial frontal 
gyrus, anterior cingulate cortex, superior temporal sulcus, fusiform gyrus, 
medial temporal gyrus, and para-hippocampal gyrus (Boddaert et al., 
2004, Waiter et al., 2004, Chung et al., 2005, McAlonan et al., 2005, 
Hadjikhani et al., 2006, Rojas  et al., 2006, Ke et al., 2008, Hyde et al., 
2010, Jiao et al., 2010, Toal et al., 2010, Wallace et al., 2010). Although 
several studies indicate abnormalities  across grey matter regions of the 
extended socio-emotional processing system, inconsistencies in the 
direction of disruption found within these regions in ASD (i.e., both 
increased or decreased volume/cortical thickness) have been reported. 
Although methodological and sample differences (i.e., intelligence/
language development) may help to explain inconsistencies  found across 
the MRI literature, age effects  may be of particular importance. For 
example, Schumann and others  found reduced amygdala volume across 
low and high functioning children with ASD (7.5-12.5 years), compared to 
controls, whereas no amygdala differences were found in older ASD 
subjects (12.5-18.5 years) (Schumann et al., 2009). Similarly, cross-
sectional, volumetric MRI studies have demonstrated increased volume or 
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‘overgrowth’ of broad lobar regions in early childhood ASD but not beyond 
this  developmental period (Carper and Courchesne, 2005, Courchesne et 
al., 2007). Preliminary longitudinal results have confirmed the presence 
and persistence of brain overgrowth in ASD children between 2 and 5 
years of age that affects cerebral white and grey matter volume, with 
prominent effects in frontal and temporal cortex (Schumann et al., 2010). 
However, studies have found a different volumetric profile in older children 
and adolescents with ASD. These studies  have indicated increased 
cerebral white matter volume but decreased cortical and sub-cortical grey 
matter volume on cross-sectional investigations of older children with ASD 
(i.e., ~7-11 years) compared to controls (Herbert et al., 2004a, Bigler et al., 
2010). One study has also found white matter overgrowth that was 
localized to regions housing short-range white matter connections, 
particularly within the frontal lobe, in older children with ASD (Herbert et 
al., 2004b). Although the underlying microstructure driving volumetric 
changes in white matter regions remains unclear, increased density of 
underlying connections as found on post-mortem examination, has been 
postulated as  one explanation (Casanova, 2004, Zikopoulos and Barbas, 
2010). The impact of these structural abnormalities on functional activation 
of areas has been analysed using functional imaging studies. 
4.9.3 Functional imaging
Functional neuroimaging studies examining the socio-emotional network in 
ASD have, in large part, utilized positron emission tomography (PET) or 
functional MRI (fMRI), to examine activation differences  during emotional/
neutral face processing or theory of mind/mentalization tasks (Di Martino 
et al., 2009). Several of these functional imaging studies have also 
measured correlated activity across regions, a surrogate index of network 
connectivity. 
During mentalization tasks, PET studies  have indicated that individuals 
with ASD have decreased activation in socio-emotional structures (medial 
prefrontal cortex, superior temporal sulcus, temporo-parietal junction and 
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temporal poles) (Happe et al., 1996, Castelli et al., 2002), or a combination 
of fronto-temporal hypo-activation (inferior frontal gyrus and fusiform 
gyrus) alongside cortical and subcortical hyper-activion (anterior temporal 
lobe, superior temporal gyrus, thalamus, peristriate visual cortex, and 
anterior cingulate cortex) (Critchley et al., 2000, Hall et al., 2004). 
However, increased fMRI measured activation in socio-emotional regions 
during relevant task performance has also been reported in ASD (Dichter 
et al., 2009, Monk et al., 2010). Several fMRI studies of social tasks  have 
also implicated a combination of increased (inferior temporal gyrus, 
superior temporal sulcus/gyrus, and anterior cingulate cortex) and 
decreased activation (amygdala, OFC, fusiform gyrus) within different 
structures of extended socio-emotional circuitry in ASD adults (Schultz et 
al., 2000, Baron-Cohen and Belmonte, 2005, Ashwin et al., 2007). In fMRI 
studies examining children and adolescents, abnormal fusiform gyrus 
activation during face processing has been a prominent finding in ASD 
(Piggot et al., 2004, Wang et al., 2004, Dalton et al., 2007), however, 
abnormal activation of this  region seems to normalize with increased task 
salience, and attention (Dalton et al., 2005, Wang et al., 2007, Pierce and 
Redcay, 2008). A recent meta-analysis of fMRI and PET studies examining 
children, adolescents and adults with ASD, compared to controls, provides 
helpful insights into overall trends across the functional neuroimaging 
literature (Di Martino et al., 2009). Results  indicate that in paradigms 
involving social stimuli, individuals with ASD exhibit: (i) decreased 
probability for activation of socio-emotional structures  (i.e., pregenual 
anterior and posterior cingulate cortex, right amygdala, and anterior insula) 
that activate preferentially to such tasks in controls; and (ii) increased 
probability towards  activation of posterior (sensory) structures (postcentral 
gyrus, posterior superior temporal gyrus, inferior occipital gyrus, and 
postero-lateral fusiform gyrus). 
 
In recent years, functional imaging has been used to test connectivity 
within the socio-emotional network in ASD. Under-connectivity of this 
network in ASD has  now been found between: (i) inferior occipital gyrus 
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and superior temporal sulcus during mentalization (Castelli et al., 2002); 
(ii) anterior and posterior default mode network structures (Cherkassky et 
al., 2006, Kennedy et al., 2006, Kennedy and Courchesne, 2008, Monk et 
al., 2009, Assaf et al., 2010, Weng et al., 2010); (iii) insular cortex and 
amygdala, and insular and somatosensory cortex, at rest (Ebisch et al., 
2010); (iv) infero-medial frontal cortex and posterior somatosensory 
structures during self versus  other face processing (Lombardo et al., 
2010); and (v) between occipital cortex and fusiform gyrus, amygdala and 
dorso-medial prefrontal cortex, and ventral prefrontal cortex and superior 
temporal sulcus, during emotional face processing (Wicker et al., 2008). 
Thus, functional imaging findings in ASD indicate abnormal activation and 
connectivity across the socio-emotional network. Impaired functional 
connectivity between structures of the socio-emotional network have been 
suggested to be driven by underlying impairment in structural white matter 
integrity and disrupted signal transmission (Just et al., 2007, Schipul et al., 
2011). This hypothesis can be tested in future studies looking at functional 
and structural connectivity using combined fMRI and DTI. 
4.9.4 Voxel-wise comparison and region-of-interest DTI studies
The voxel based morphometry (VBM) method, traditionally used to detect 
voxel-wise differences in grey matter density, has most often reported 
decreased FA (indicating reduced white matter integrity) affecting a broad 
spread of white matter regions in adolescents and adults with ASD, 
compared to controls  (Barnea-Goraly et al., 2004, Keller et al., 2007, 
Cheung et al., 2009, Ke et al., 2009, Bloemen et al., 2010, Jou et al., 
2011). White matter alterations within frontal and superior temporal 
regions have been found in ASD across several VBM studies (Barnea-
Goraly et al., 2004, Cheung et al., 2009, Ke et al., 2009, Bloemen et al., 
2010, Jou et al., 2011). Interestingly, two VBM studies of older children (~9 
years) found a combination of increased and decreased white matter FA in 
ASD, compared to controls, within a variety of white matter regions. 
Further, FA changes in either direction correlated with increased ASD 
symptom severity in these studies (Cheung et al., 2009, Ke et al., 2009). 
69
Tract Based Spatial Statistics (TBSS), a voxel-wise comparison technique 
that has  been optimized for DTI, may provide methodological advantages 
over traditional VBM methods (Smith et al., 2006). The results of several 
TBSS studies have supported the presence of widespread white matter 
FA reductions in ASD children and adolescents, compared to controls 
(Kumar et al., 2009, Barnea-Goraly et al., 2010, Cheng et al., 2010, 
Sahyoun et al., 2010, Shukla et al., 2010). Preliminary TBSS results  have 
also indicated that less  extensive FA reductions may be present in the 
unaffected siblings of ASD children, compared to controls (Barnea-Goraly 
et al., 2010). Notably, several TBSS studies in ASD have consistently 
found signs of impaired white matter integrity within regions corresponding 
to long-range white matter tracts that mediate frontal lobe connectivity, 
including: arcuate fasciculus, inferior-fronto-occipital fasciculus, uncinate 
fasciculus, cingulum bundle, genu of corpus callosum, and corona radiata 
(Kumar et al., 2009, Barnea-Goraly et al., 2010, Cheng et al., 2010, 
Sahyoun et al., 2010, Shukla et al., 2010, Weinstein et al., 2011). 
Decreased FA in white matter voxels  of the inferior longitudinal fasciculus 
has also been found in ASD across several TBSS studies  (Barnea-Goraly 
et al., 2010, Sahyoun et al., 2010, Shukla et al., 2010). Preliminary TBSS 
results further indicate that, in ASD, white matter featuring low FA, may 
also exhibit increased mean and radial diffusivity values (Cheng et al., 
2010, Shukla et al., 2011). Of note, two TBSS studies have found FA 
elevations as well as FA reductions within widespread white matter regions 
in ASD adolescents, compared to controls (Cheng et al., 2010, Sahyoun et 
al., 2010). DTI studies employing a region-of-interest approach have 
confirmed findings from VBM and TBSS analysis. Decreased white matter 
FA has been found in ASD compared to controls, within: internal capsule 
(Brito et al., 2009, Shukla et al., 2010), white matter underlying anterior 
cingulate gyrus (Thakkar et al., 2008), superior temporal gyrus  and 
temporal stem white matter (Lee et al., 2007), the corpus callosum 
(Alexander et al., 2007), and cerebellar white matter regions (Brito et al., 
2009, Shukla et al., 2010). 
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Taken together, the majority of voxel-wise comparison and region-of-
interest DTI studies have indicated that among older children, adolescents 
and adults with ASD, white matter microstructure tends  to feature signs of 
reduced integrity. Long-range white matter tracts that mediate frontal and 
temporal connectivity are consistently affected. Interestingly, the recurrent 
pattern of low white matter FA, along with elevated mean and radial 
diffusion found across several DTI studies, is a profile consistent with 
immature white matter, reduced white matter organization and integrity, 
and possibly impaired myelination (Beaulieu, 2002, Huppi and Dubois, 
2006, Gao et al., 2009, Klawiter et al., 2011). 
Sporadic voxel-based findings indicating increased white matter FA in 
ASD, likely point to the complexity and heterogeneity of white matter 
alterations in this disorder. Although increased FA can be a sign of 
improved organization and integrity in typical white matter development, 
aberrant microstructural properties, such as increased axonal density 
could also drive FA elevations (Conturo et al., 2008). On this note, two DTI 
studies that have examined white matter microstructure in very young 
children with ASD warrant additional consideration. Both studies, 
published by Ben Bashat and colleagues, implicated increased rather than 
decreased white matter FA in ASD, compared to controls. The first of 
these studies found increased FA within several frontal white matter 
regions in seven ASD children (age ~1-4 years), compared to controls, 
using a region-of- interest approach (Ben Bashat et al., 2007). More 
recently, a second published study found increased FA and reduced radial 
diffusivity for voxels corresponding to left arcuate fasciculus, bilateral 
cingulum bundle, the genu and mid-body of the corpus callosum in a 
sample of 22 autistic children (~aged 1.5-5.8 years), compared to 42 age-
matched controls, using a combination of TBSS and region-of-interest 
methods of analysis  (Weinstein et al., 2011). These results suggest that 
microstructural white matter alterations in ASD may differ depending on 
the age group of the sample studied. Hence, more studies of older 
populations are required (including adults), and longitudinal DTI studies 
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are needed to determine whether the trajectory of white matter 
development in ASD are characterised by high FA early in the course of 
illness, followed by decreasing FA with age, when contrasted with typical 
white matter development. Furthermore, the use of tractography analysis 
has the advantage of combining FA/MD with indirect measurements  of 
volume (e.g. number of streamlines, space occupied by the streamlines) 
and correlate specific symptoms with abnormalities along single white 
matter tracts. 
4.9.5 DTI tractography
DTI tractography involves virtual reconstruction of the three-dimensional 
trajectories of short and long-range white matter tracts, providing the 
means to conduct tract-specific examinations and derive information 
regarding connectivity within specific neural circuits. Thomas and others 
examined the corpus callosum, uncinate, inferior fronto-occipital, and 
inferior longitudinal fasciculi in adult males with high functioning autism, 
versus controls (Thomas et al., 2011). These researchers found increased 
numbers of streamlines, and voxels, potentially signaling increased tract 
volume or density, within left hemisphere uncinate, inferior longitudinal and 
inferior fronto-occipital fasciculi reconstructions in autism. Interestingly, Lo 
and colleagues found decreased leftward lateralization of FA values on 
examination of arcuate fasciculus, uncinate fasciculus and cingulum 
bundle in adolescents with ASD, compared to controls  (Lo et al., 2011). In 
ASD children (aged ~5 years), Kumar and colleagues analyzed several 
long-range white matter tracts relevant to the socio-emotional network 
(Kumar et al., 2009). In this sample, decreased FA was found within right 
cingulum bundle, right uncinate fasciculus, left arcuate fasciculus, and 
corpus callosum, in ASD children, compared to controls. In addition to low 
FA, increased number of voxels, streamlines, and greater streamline 
length, were found in uncinate fasciculus. Macrostructural properties of the 
uncinate fasciculus also correlated with socio-emotional deficits on the 
Gilliam Autism Rating Scale. Finally, Poutska and others recently found 
additional tract-specific evidence for decreased FA in uncinate fasciculus 
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(bilateral), as  well as in right arcuate fasciculus, within a somewhat older 
sample of ASD children, compared to controls  (~10 years) (Poutska, 
2012). Although a slightly different selection of tracts  were examined in 
each of the above reported studies, the uncinate fasciculus, and cingulum 
bundle emerge as tracts featuring alterations  (either low FA or signs of 
increased tract volume/density) in ASD. Additionally, preliminary results 
may point to reduced integrity of the right arcuate fasciculus, which links 
the mirror neuron network, and alterations in lateralization of frontal and 
temporal cortico-cortical white matter tracts in ASD.
Two diffusion tensor tractography studies have specifically focused on 
frontal white matter connections in ASD. First, Sundaram and others  used 
deterministic tractography to reconstruct all short (intra-lobar) and long-
range (inter-lobar) white matter connections to the frontal lobe, and found 
increased MD for both short and long-range connections, and reduced FA 
of short-range connections, in ASD children, versus controls (Sundaram et 
al., 2008). Further, Pardini et al. used probablistic tractography to examine 
white matter tracts connecting to the orbitofrontal cortex, in a 
neuroimaging study of non-verbal adult males with ASD (Pardini et al., 
2009). In this study, reductions in orbitofrontal white matter FA and 
decreased volume of reconstructed connections found in autistic males, 
correlated with non-verbal IQ scores. These studies provide further 
suggestions of altered frontal white matter connections in ASD. 
Abnormalities found in orbitofrontal white matter, offer additional evidence 
of disruption to the uncinate fasciculus in ASD, as this  tract serves to 
connect this region to insula, and anterior temporal lobe (including 
amygdala) (Kier et al., 2004). Within the temporal lobe, Conturo and 
colleagues examined white matter connections running between amygdala 
and fusiform cortex, and hippocampus and fusiform cortex in ASD, 
compared to controls, using deterministic tractography (Conturo et al., 
2008). Increased radial diffusivity was found in ASD for bilateral amygdala-
fusiform connections, left hemisphere hippocampus-fusiform connections 
and for whole brain white matter. Conversely, right hippocampus-fusiform 
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connections featured decreased radial diffusivity in ASD, a result that 
correlated with lower face recognition scores and performance IQ 
(Conturo et al., 2008). As these connections likely form a part of the 
inferior longitudinal fasciculus (Catani et al., 2004), a tract that has been 
highlighted for featuring reduced FA (Barnea-Goraly et al., 2010; Sahyoun 
et al., 2010; Jou et al., 2011) and signs of increased tract volume/density 
(Thomas et al., 2011) in ASD, findings here offer added evidence of 
disruption within this tract in affected individuals. 
In conclusion there is converging evidence for an involvement of limbic 
pathways in ASD. Some pathways seem to be affected more than others 
and cause impaired functional interaction between cortical areas during 
tasks involving theory of mind or emotional face processing. How these 
structural differences in the microstructural integrity of limbic tracts relate 
to ASD symptoms remain unclear. 
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A link between abnormalities between the corpus callosum and ASD was 
initially proposed after the observation of a higher prevalence (8.5%) of 
autistic symptoms in children born with agenesis  of the corpus callosum 
(Baddaruddin et al., 2007; Symington et al., 2010; Doherty et al., 2006). 
Furthermore subjects with agenesis of the corpus callosum but without 
ASD tend to experience certain difficulties with complex language tasks 
(Sanders, 1989; Banich and Brown, 2000), abstract reasoning, problem 
solving and tasks of theory of mind (ToM) similar to those seen in autism 
(Paul et al., 2007; Temple et al., 1990; Goldstein et al., 1994; Just et al., 
2004; Baron-Cohen et al., 1985; Happé, 1994; Symington et al., 2010). 
Since these initial observations a number of studies have reported 
structural abnormalities in the corpus callosum of individuals with ADS. In 
this  chapter the functional anatomy of the callosal pathways is  reviewed 
together with studies of the corpus callosum and interhemispheric transfer 
in individuals with ASD. 
5.2 Anatomy of the major cerebral commissures
Commissural pathways are composed of fibres  connecting broadly similar 
regions in the two cerebral hemispheres. In the human brain they consist 
of the anterior commissure, corpus callosum, and the hippocampal 
commissure of the fornix. Other small commissures are composed of short 
fibres connecting adjacent paramedian structures of the thalamus (massa 
intermedia), the tegmentum (tectal commissure of Forel), the habenula 
(habenular commissure), and the brainstem (reticular commissure). A 
general assumption underlying the concept of commissural connections is 
that the information is  transferred between homologous cortical or 
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subcortical regions. There are, however, a significant number of 
heterotopic commissural fibres  connecting non-homologous regions, at 
least in the corpus callosum (Clarke, 2003). Furthermore, the 
communication between the two sides can also occur through non-
commissural tracts, such as the superior cerebellar peduncle fibres that 
connect the deep cerebellar nuclei of one side with the thalamic nuclei of 
the contralateral side. The commissural pathways play a significant role in 
the development of interhemispheric specialization and integration of 
several motor, perceptual, and cognitive functions (Gazzaniga, 2000).
5.3 Anterior commissure
The anterior commissure is a small bundle of fibres shaped like the 
handlebars of an old bicycle straddling the midline (Figure 5.1A–C). It is a 
familiar landmark in neuroradiology (e.g. distances in Talairach 
coordinates are measured from the anterior commissure as origin) 
(Talairach and Tournoux, 1988; Mai et al., 1997). It crosses the midline as 
a compact cylindrical bundle between anterior and posterior columns of 
the fornix and runs laterally, at first through the anterior perforated 
substance, and then between the globus pallidus and putamen before 
dividing into an anterior and posterior branch. The more anterior fibres 
connect the amygdalae (Turner et al., 1979), hippocampal gyri, and 
temporal poles (Demeter et al., 1990), while more posterior fibres connect 
the ventral temporal and occipital cortices. The anterior division follows the 
course of the uncinate fasciculus into the anterior temporal lobe, while the 
more posterior division runs parallel to the inferior longitudinal fasciculus, 
optic radiations, and inferior fronto-occipital fasciculus.
Compared to tractography, axonal tracing studies in animals show a far 
more complex anatomy (Crosby et al., 1962; Di Virgilio et al., 1999) with 
the anterior fibres also projecting to olfactory regions (e.g. olfactory bulb, 
anterior perforated substance, etc.). These anterior olfactory-linked fibres 
are scarce in humans (Lauer, 1945; Kiernan, 1998). The exact cortical 
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projections of the posterior fibres are not well defined in humans. Some 
authors have suggested that they reach the inferior occipital cortex in 
humans but not in the monkey brain (Meynert, 1885; Rockland and 
Pandya, 1986; Di Virgilio et al., 1999; Catani et al., 2002).
Figure 5.1 Diffusion tensor tractography reconstruction of the anterior 
commissure and the corpus callosum. A) anterior view; B) left lateral view; 
C) superior view; D) left lateral view; E) superior view). (Catani et al., 
2002).
Experimental studies in monkeys show that the anterior commissure has 
an excitatory role and is  responsible for transmitting visual information to 
the contralateral hemisphere (Rocha-Miranda et al., 1975; Gross et al., 
1977; Seacord et al., 1979; Cook, 1986). The functions  of the anterior 
commissure in humans are poorly understood. Behavioural testing 
following surgical division of the corpus callosum has shown that the 
anterior commissure is unable to transfer information related to visual 
tasks interhemispherically (Gazzaniga and Freedman, 1973). This  is 
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Commissural pathways are composed of fi bres connecting broadly 
similar regions in the two cerebral hemispheres. In the human brain 
they consist of the anterior commissure, corpus callosum, and the 
hippocampal commissure of the fornix. These three commissures can 
be easily visualized with current tractography methods (Figure 9.1; 
for the hippocampal commissure see Figure 11.2 in Chapter 11). 
Other small commissures are composed of short fi bres connect-
ing adjacent paramedian structures of the thalamus (massa inter-
media), the tegmentum (tectal commissure of Forel), the habenula 
(habenular commissure), and the brainstem (reticular commissure). 
A general assumption underlying the concept of commissural 
 connections is that the information is transferred between homolo-
gous cortical or subcortical regions. There are, however, a signifi -
cant number of heterotopic commissural fi bres connecting 
non-homologous regions, at least in the corpus callosum (Clarke, 
2003). Furthermore, the communication between the two sides 
can also occur through non-commissural tracts, such as the supe-
rior cerebellar peduncle fi bres that connect the deep cerebellar 
nuclei of one side with the thalamic nuclei of the contralateral side. 
The commissural pathways play a signifi cant role in the develop-
ment of interhemispheric specialization and integration of several 
motor, perceptual, and cognitive functions (Gazzaniga, 2000). The 
anterior commissure and corpus callosum will be described in this 
chapter, while the hippocampal is dealt separately in Chapter 11.
Anterior commissure
The anterior commissure is a small bundle of fi bres shaped like the 
handlebars of an old bicycle straddling the midline (Figur  9.1A–C).
It is a familiar landmark in neuroradiology (e.g. distances in Talairach 
coordinates are measured from the anterior commissure as origin) 
(Talairach and Tournoux, 1988; Mai et al., 1997). It crosses the 
midline as a compact cylindrical bundle between anterior and 
posterior columns of the fornix and runs laterally, at fi rst through 
the anterior perforated substance, and then between the globus 
pallidus and putamen before dividing into an anterior and posterior 
branch. The more anterior fi bres connect the amygdalae (Turner 
et al., 1979), hippocampal gyri, and temporal poles (Demeter et al., 
1990), while more posterior fi bres connect the ventral temporal 
Figure 9.1 Diffusion tensor tractography reconstruction of the anterior commissure and the corpus callosum. A) anterior view; B) left lateral view; C) superior 
view; D) left lateral view; E) superior view). (Catani et al., 2002). 
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probably correlated with the higher ratio of anterior commissure cross-
sectional area to total neocortical commissural area in monkeys compared 
to humans (Foxman et al., 1986). Anomia for olfactory stimuli presented to 
the right nostril (right olfactory anomia) (Gordon and Sperry, 1969) and 
memory deficits (Zaidel and Sperry, 1974) have been described in split-
brain patients with complete commissurotomy (i.e. complete severing of 
the corpus callosum and anterior and hippocampal commissure) but not in 
those with an intact anterior commissure (Ledoux et al., 1977; Risse et al., 
1978). The right olfactory anomia in these patients is due to a 
disconnection between the right olfactory cortex and the left fronto-
temporal language areas.
5.4 Corpus callosum
The corpus callosum is  the largest commissural tract in the human brain, 
consisting of 200–300 million axons of varying size and degree of 
myelination (Tomasch, 1954; Aboitiz et al., 1992). Figure 5.1D, E shows 
the anatomy of the corpus callosum as derived from diffusion tensor 
tractography dissections. The corpus callosum forms the roof of the lateral 
ventricles and its  fibres are conventionally divided into an anterior forceps 
(or forceps minor), a middle portion (body), a posterior forceps (or forceps 
major); on either side it stretches out into the temporal lobe as the tapetum 
(Crosby et al., 1962). The term forceps (from Latin, ‘pincers’) derives from 
the horseshoe shape of its most anterior and posterior fibres viewed in 
axial projections (Figure 5.1E). The anterior forceps connects the 
prefrontal and orbitofrontal regions. The body of the corpus callosum 
contains fibres  connecting the premotor and precentral frontal cortex and 
the parietal lobes. Fibres  from the splenium make up the posterior forceps 
and connect the occipital lobes. The group of fibres known as the tapetum 
sweeps laterally over the inferior horn of the lateral ventricle, then inferiorly 
to link bilaterally those regions of the temporal lobe not connected by the 
anterior commissure (Déjérine, 1895; Crosby et al., 1962).
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Other criteria have been adopted to subdivide the corpus callosum. The 
most common methods segment the corpus callosum as  seen in mid-
sagittal section. Thus, classical anatomical textbooks divide the corpus 
callosum (from anterior to posterior) into a rostrum, a genu, a body, an 
isthmus, and a splenium (Figure 5.2A) (Crosby et al., 1962). The rostrum 
is  a beak-shaped portion in the most ventral region of the anterior corpus 
callosum. The genu is the curved anterior limit of the corpus callosum 
dorsal to the rostrum. The body is the central and largest horizontal part. 
The isthmus is a narrow zone of transition between the body and the 
splenium, which forms the posterior limit of the corpus callosum. 
Geometrical criteria for a precise division of the different parts  of the 
corpus callosum have been proposed for research purposes (Witelson, 
1989; Woodruff et al., 1993). Witelson (1989), for example, divides the 
mid-sagittal area of the corpus callosum into seven regions (Figure 5.2B), 
where region 1 corresponds  to the rostrum, region 2 to the genu, regions 
3, 4, and 5 to the body, region 6 to the isthmus, and region 7 to the 
splenium. Histological studies showed that there is some correspondence 
between the seven regions of Witelson and the pattern of distribution of 
callosal axons according to their diameter (Figure 5.2C). Aboitiz et al. 
(1992), argue that the axons originating from sensorimotor areas, auditory 
temporal cortex, and the occipital regions have a large diameter (larger 
than 2 µm), and are highly myelinated and fast conducting. Other regions 
in the rostrum, genu, anterior body, and anterior splenium contain smaller, 
slow-conducting fibres.
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and occipital corteces. The anterior division follows the course of 
the uncinate fasciculus into the anterior temporal lobe, while the 
more posterior division runs parallel to the inferior longitudinal 
fasciculus, optic radiations, and inferior fronto-occipital fasciculus.
Compared to tractography, axonal tracing studies in animals 
show a far more complex anatomy (Crosby et al., 1962; Di Virgilio 
et al., 1999) with the anterior fi bres also projecting to olfactory 
regions (e.g. olfactory bulb, anterior perforated substance, etc.). 
These anterior olfactory-linked fi bres are scarce in humans (Lauer, 
1945; Kiernan, 1998). The exact cortical projections of the poste-
rior fi bres are not well defi ned in humans. Some authors have 
 suggested that they reach the inferior occipital cortex in humans 
but not in the monkey brain (Meynert, 1885; Rockland and Pandya, 
1986; Di Virgilio et al., 1999; Catani et al., 2002).
Experimental studies in monkeys show that the anterior commis-
sure has an excitatory role and is responsible for transmitting visual 
information to the contralateral hemisphere (Rocha-Miranda et al., 
1975; Gross et al., 1977; Seacord et al., 1979; Cook, 1986). The 
functions of the anterior commissure in humans are poorly under-
stood. Behavioural testing following surgical division of the corpus 
callosum has shown that the anterior commissure is unable to 
transfer information related to visual tasks interhemispherically 
(Gazzaniga and Freedman, 1973). This is probably correlated with 
the higher ratio of anterior commissure cross-sectional area to total 
neocortical commissural area in monkeys compared to humans 
(Foxman et al., 1986). Anomia for olfactory stimuli presented to the 
right nostril (right olfactory anomia) (Gordon and Sperry, 1969) and 
memory defi cits (Zaidel and Sperry, 1974) have been described in 
split-brain patients with complete commissurotomy (i.e. complete 
severing of the corpus callosum and anterior and hippocampal 
commissure) but not in those with an intact anterior commissure 
(Ledoux et al., 1977; Risse et al., 1978). The right olfactory anomia 
in these patients is due to a disconnection between the right olfac-
tory cortex and the left fronto-temporal language areas. 
Corpus callosum
The corpus callosum is the largest commissural tract in the human 
brain, consisting of 200–300 million axons of varying size and 
degree of myelination (Tomasch, 1954; Aboitiz et al., 1992). Figure 
9.1D, E shows the anatomy of the corpus callosum as derived from 
diffusion tensor tractography dissections. The corpus callosum 
forms the roof of the lateral ventricles and its fi bres are convention-
ally divided into an anterior forceps (or forceps minor), a middle 
portion (body), a posterior forceps (or forceps major); on either side 
it stretches out into the temporal lobe as the tapetum (Crosby et 
al., 1962). The term forceps (from Latin, ‘pincers’) derives from the 
horseshoe shape of its most anterior and posterior fi bres viewed in 
axial projections (Figure 9.1E). The anterior forceps connects the 
prefrontal and orbitofrontal regions. The body of the corpus callo-
sum contains fi bres connecting the premotor and precentral frontal 
cortex and the parietal lobes. Fibres from the splenium make up the 
posterior forceps and connect the occipital lobes. The group of 
fi bres known as the tapetum sweeps laterally over the inferior horn 
of the lateral ventricle, then inferiorly to link bilaterally those regions 
of the temporal lobe not connected by the anterior commissure 
(Déjérine, 1895; Crosby et al., 1962).
Other criteria have been adopted to subdivide the corpus callo-
sum. The most common methods segment the corpus callosum as 
seen in mid-sagittal section. Thus, classical anatomical textbooks 
divide the corpus callosum (from anterior to posterior) into a ros-
trum, a genu, a body, an isthmus, and a splenium (Figure 9.2A) 








Figure 9.2 Subdivisions of the mid-sagittal callosal area according to classical descriptive (A) anatomy, (B) geometrical criteria, and (C) neurohistology. A) In the 
geometrical subdivision the horizontal dashed line passes through the anteriormost (ACC) and posteriormost (PCC) extremes of the corpus callosum. The line is 
then used as a baseline to divide the corpus callosum into seven regions. This method identify also three linear measures: M and M1 are the superior and inferior 
limits, respectively, of the callosum at its midpoint; S and S1 denote the superior and inferior limits of the splenium, chosen such that S-S1 is the length of the 
maximal perpendicular distance between two parallel lines drawn as tangents to the superior and inferior surfaces of the splenium; G is the anteriormost point on 
the inner convexity of the anterior callosum (Witelson, 1989). C) In the histological division the letters indicate: F, frontal; M motor; Ss somatosensory; A, auditory; 
T/P, temporo-parietal; V, visual (Aboitiz et al., 1992).
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Figure 5.2 Subdivisions of the mid-sagittal callosal area according to 
classical d sc iptive (A) anatomy, (B) geometrical criteria, and (C)
neurohistology. A) In the geometrical subdivision the horizontal dashed 
line passes through the anteriormost (ACC) and posteriormost (PCC) 
extremes of the corpus callosum. The line is then used as a baseline to 
divide the corpus callosum into seven regions. This method identify also 
three linear measures: M and M1 are the superior and inferior limits, 
respectively, of the callosum at its midpoint; S and S1 denote the superior 
nd inferior limits  f the splenium, chosen such that S-S1 is the lengt  of 
the maximal perpendicular distance between two parallel lines drawn as 
t ngents to the superior and inferior surfaces of the splenium; G is the 
anteriormost point on the inner convexity of the anterior callosum 
(Witelson, 1989). C) In the histological division the letters indicate: F, 
fro tal; M motor; Ss somatose sory; A, auditory; T/P, tempor -parietal; V, 
visual (Aboitiz et al., 1992).
5.5 In vivo callosal anatomy
In vivo estimation of axon diameter distribution within the corpus callosum 
has been obtained using recent advanced methods in diffusion MRI 
(Figure 5.3) (Assaf et al., 2008; Barazany et al., 2009). Using a series of 
diffusion-weighted MRI brai  sc ns at 7 T sla, Baraza y et al. (2009) w re 
able o infer the in vivo distribution of axon diameters along the mid-
sagittal area of the corpus callosum in a ra  brain which had a br ad 
correspondence to the distribution estimated with histology. (Figure 5.3A–
D). Similar estimations are also possible in the living human brain within 
clinically acceptable time (Dell’Acqua et al., 2010a).
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most ventral region of the anterior corpus callosum. The genu is the 
curved anterior limit of the corpus callosum dorsal to the rostrum. 
The body is the central and largest horizontal part. The isthmus is a 
narrow zone of transition between the body and the splenium, 
which forms the posterior limit of the corpus callosum. Geometrical 
criteria for a precise division of the different parts of the corpus cal-
losum have been proposed for research purposes (Witelson, 1989; 
Woodruff et al., 1993). Witelson (1989), for example, divides the 
mid-sagittal area of the corpus callosum into seven regions (Figure 
9.2B), where region 1 corresponds to the rostrum, region 2 to the 
genu, regions 3, 4, and 5 to the body, region 6 to the isthmus, and 
region 7 to the splenium. 
Histological studies showed that there is some correspondence 
between the seven regions of Witelson and the pattern of distribu-
tion of callosal axons according to their diameter (Figure 9.2C). 
Aboitiz et al. (1992), argue that the axons originating from sensori-
motor areas, auditory temporal cortex, and the occipital regions have 
a large diameter (larger than 2 µm), and are highly myelinated and 
fast conducting. Other regions in the rostrum, genu, anterior body, 
and anterior splenium contain smaller, slow-conducting fi bres.
In vivo callosal anatomy
In vivo estimation of axon diameter distribution within the corpus 
callosum has been obtained using recent advanced methods in 
diffusion MRI (Figure 9.3) (Assaf et al., 2008; Barazany et al., 2009). 
Using a series of diffusion-weighted MRI brain scans at 7 Tesla, 
Barazany et al. (2009) were able to infer the in vivo distribution of 
axon diameters along the mid-sagittal area of the corpus callosum 
in a rat brain which had a broad correspondence to the distribution 
estimated with histology. (Figure 9.3A–D). Similar estimations are 
also possible in the living human brain within clinically acceptable 
time (Dell’Acqua et al., 2010a). 
Diffusion tensor tractography has been applied by a number of 
research groups to work out the correspondence between callosal 
mid-sagittal regions and cortical projections (Huang et al., 2005; 
Hofer and Frahm, 2006; Zarei et al., 2006; Park et al., 2008; Chao 
et al., 2009). These studies suggest that, for example, Witelson’s 
division of the mid-sagittal area may not be indicative of the precise 
cortical ending of the callosal fi bres passing through each of the 
seven regions (see also Figures 9.4 and 9.5). One limitation of these 
approaches based on diffusion tensor imaging, however, is that the 
tensor model assumes that fi bres at each voxel are well described 
by a single orientation estimate. This means that when the fi bres of 
corpus callosum cross those of the internal capsule tractography is 
unable to reconstruct them after this point, thus showing only the 
most medial tracts (Figure 9.3E). More recent tractographic devel-
opments seem to have partially overcome this problem, being 
based on high angular resolution diffusion imaging (HARDI) meth-
ods (Frank, 2001), such as spherical deconvolution and appropriate 
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Figure 9.3 Diffusion MRI methods for studying the in vivo anatomy of the corpus callosum. A–D) Estimation of axon diameter distribution in the rat brain. 
(Barazany et al., 2009) A) Mid-sagittal T2-weighted MRI (7 Tesla) of the rat brain and segmentation of the corpus callosum in fi ve clusters (magnifi ed in the 
right panel) according to the in vivo estimation of the averaged axon. Similar methods are also available for the in vivo estimation of the axon diameter in the 
human brain (Dell’Acqua et al., 2010a). diameter distribution (shown in B). The in vivo estimation was validated with histological analysis (C, D). In humans the 
tractography algorithms based on diffusion tensor models fail to reconstruct the most lateral projections of the corpus callosum (red) due to the crossing with 
fi bres of the corticospinal tract (yellow). F) Callosal fi bres projecting to the most lateral regions are visualized using tractography methods based on spherical 
deconvolution. (Catani and Dell’Acqua et al., 2011)
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Figure 5.3 Diffusion MRI methods for studying th  n vivo natomy of the 
corpus callosum. A–D) Estimation of axon diameter distribution in the rat 
brain. (B r zany e al., 2009) A) Mid-sagittal T2-weighted MRI (7 Tesla) of 
the rat brain and segmentation of the corpus callosum in five clusters 
(magnified in the right panel) according to the in vivo estimation of the 
averaged axo . Simil r ethods are also available for the in vivo 
estimation of the axon diameter in the human brain (Dell’Acqua et al., 
2010a). di met r distribution (shown in B). The in vivo estimation was
validated with histological analysis (C, D). In humans the tractography 
algorithms based on diffu ion tensor m dels  fail to reconstruct the most 
lateral projections of the corpus callosum (red) due to the crossing with 
fibres of the corticospinal tract (yellow). F) Callosal fibres projecting to the 
most lateral regions are visualized using tractogr phy meth ds based on 
spherical deconvolution. (Catani and Dell’Acqua et al., 2011).
Diffusion tensor tractography has been applied by a number of research 
groups to work out the correspondence between callosal mid-sagittal 
regions and cortical projections (Huang et al., 2005; Hofer and Frahm, 
2006; Zarei et al., 2006; Park et al., 2008; Chao et l., 2009). These 
studies suggest that, for example, Witelson’s division of the mid-sagittal 
area may not be indicative of the precise cortical ending of the callosal 
fibres passing through each of the seven regions (see also Figures  5.4 
an 5.5). One limitation of these approaches based on diffusion tensor 
imaging, however, is  that the tensor model assumes that fibres at each 
voxel are well described by a single orientation estimate. This means  that 
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when the fibres of corpus callosum cross those of the internal capsule 
tractography is unable to reconstruct them after this point, thus  showing 
only the most medial tracts (Figure 5.3E). More recent tractographic 
developments seem to have partially overcome this problem, being based 
on high angular resolution diffusion imaging (HARDI) methods (Frank, 
2001), such as spherical deconvolution and appropriate processing of 
multi-peak diffusion profiles (Tuch et al., 2003; Tournier et al., 2004; 
Alexander et al., 2005; Behrens et al., 2007; Dell’Acqua et al., 2010b). 
With these methods a complete reconstruction of the callosal fibres is 
obtained (Figure 5.3F) (Catani and Dell’Acqua 2011).
5.6 Comparative anatomy
Figure 5.4 shows the topography of the mid-sagittal area of the corpus 
callosum and its cortical projections as derived from post-mortem studies 
in the rhesus monkey (Macaca mulatta) (Myers, 1965; Schmahmann and 
Pandya, 2006) and in vivo spherical deconvolution tractography in the 
human brain (Dell’Acqua et al., 2010b). This preliminary comparison 
suggests a similar topography of the callosal projections across species, 
though with some differences. The projection to the motor area, for 
example, seems to extend more posteriorly in humans compared to the 
monkey (yellow area in Figure 5.4A, B). This  is  probably due to the greater 
expansion of the cortical frontal areas, and therefore of prefrontal callosal 
connections, in humans (Hofer and Frahm, 2006). Figure 5.4C shows the 
callosal projections of the monkey brain in detail. In addition to an absence 
of commissural fibres  in the primary visual cortex, there is  absence or 
scarcity of callosal projections to the anterior third of the temporal lobe and 
the auditory receptive area, at the dorsal surface of the superior temporal 
gyrus. There is also an absence of projections  to the hand region of the 
parietal lobe (BA 3, 1 and 2) and a near absence in the dorsal region of 
the anterior parietal lobe. In the frontal lobe there is an absence of 
projections to the hand and foot regions lying hidden on the anterior bank 
of the central sulcus (area 4) and a sparse or moderate number to the 
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orbitofrontal and dorsal prefrontal cortex. With these exceptions, the 
cortical surface throughout seems to receive commissural fibres with great 
intensity (Myers, 1965). In humans a similar pattern of callosal projections 
can be replicated in vivo with spherical deconvolution tractography (Figure 
5.4D, E) (Dell’Acqua et al., 2010b). 
A possible difference is  the presence of callosal connections to the 
boundary region between area 17 and 18, which has been observed in the 
human but not the monkey brain (Clarke and Miklossy, 1990). Callosal 
topography has been linked to theories  explaining evolution of specialized 
brain functions. It has been proposed that evolutionary pressures guiding 
brain size and lateralization of specialized areas are accompanied by 
reduced interhemispheric connectivity and greater intrahemispheric 
connectivity (Aboitiz et al., 1992; Corballis  et al., 2000; Gazzaniga, 2000). 
Thus, areas receiving reduced input from a homologous contralateral 
cortical area would become specialized by virtue of being deprived of 
transcallosal connections. Similarly, by being connected through smaller 
diameter, slower-conducting transcallosal fibres, specialized areas reduce 
unnecessary crosstalk and maintain separate parallel processing systems 
(Doron and Gazzaniga, 2008). The absence of direct callosal connections 
in certain areas, as shown in Figure 5.4C–E can therefore be explained by 
the fact that both lateral orbitofrontal cortex and ventral temporo-occipital 
areas show selectivity for highly specialized and lateralized functions such 
as face perception in the right hemisphere (Kanwisher et al., 1997; 
Gauthier et al., 1999), or speech and visual words in the left hemisphere 
(Epelbaum et al., 2008). These theories remain speculative, although 
future, tractography studies combining both methodologies for callosal 
microstructure (e.g. axonal diameter) and cortical projection topography 
are likely to advance our understanding of human interhemispheric 
integration in relation to the evolution of the human brain.
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Tournier et al., 2004; Alexander et al., 2005; Behrens et al., 2007; 
Dell’Acqua et al., 2010b). With these methods a complete recon-
struction of the callosal fi bres is obtained (Figure 9.3F) (Catani and 
Dell’Acqua 2011).
Comparative anatomy
Figure 9.4 shows the topography of the mid-sagittal area of the 
corpus callosum and its cortical projections as derived from post-
mortem studies in the rhesus monkey (Macaca mulatta) (Myers, 
1965; Schmahmann and Pandya, 2006) and in vivo spherical decon-
volution tractography in the human brain (Dell’Acqua et al., 2010b). 
This preliminary comparison suggests a similar topography of the 
callosal projections across species, though with some differences. 
The projection to the motor area, for example, seems to extend 
more posteriorly in humans compared to the monkey (yellow area in 
Figure 9.4A, B). This is probably due to the greater expansion of the 
cortical frontal areas, and therefore of prefrontal callosal connec-
tions, in humans (Hofer and Frahm, 2006).
Figure 9.4C shows the callosal projections of the monkey brain 













































Figure 9.4 Comparative anatomy of the corpus callosum in simian and human brains. A, B) Correspondence between the post-mortem segmentation of the 
mid-sagittal area of the corpus callosum in the monkey (Macaca mulatta) (based on axonal tracing methods) (Schmahmann and Pandya, 2006) and human brain 
(based on spherical deconvolution tractography). (Dell’Acqua et al., 2010). C–E) Comparison between the post-mortem histological maps of the callosal cortical 
projections in the monkey brain (C) (from Myers 1965) and the in vivo maps of the callosal projections in the human brain based on spherical deconvolution 
tractography (D, E). The labelled regions are not connected by callosal fi bres and correspond to the lateral orbitofrontal region (LOF), anterior temporal (AT) areas, 
the superior temporal gyrus (STG), and the primary visual area (V1). Colours in D and E do not correspond to the colours in A and B but indicate the genu (blue 
and green), body (red), and splenium plus tapetum (yellow).
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Figure 5.4 Comparative an tomy of the corpus allosum in simian and 
human brains. A, B) Correspondence between the post-mortem 
se mentation of the mid-sagittal area of th  c rpus callosum in the 
monkey (Macaca mulatta) (based on axonal tracing methods) 
(Schmahmann and Pandya, 2006) and human brain (based on spherical 
deconvolution tractography). (Dell’Acqua et al., 2010). C–E) Comparison 
between the post-mortem histological maps of the callosal cortical 
projections in the monkey brain (C) (from Myers 1965) and the in vivo 
maps of the callos l projections  in the hum n brain based on s herical 
deconvolution tractography (D, E). The labelled regions are not connected 
by allosal fibres and correspond to the l teral orbitofrontal region (LOF), 
anterior temporal (AT) areas, the superior temporal gyrus (STG), and the 
primary visual area (V1). Colours in D and E do not correspond to the 
colours in A and B but indicate the genu (blue and gre n), body (red), a d 
splenium plus tapetum (yellow).
5.7 Functional anatomy
The corpus callosum has also been divided into different subregions 
according to the pattern of its cortical projections. It is generally thought 
that this pattern matches the geometrical subdivision of the mid-sagittal 
area according to the Witelson’s criteria and that each subregion contains 
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fibres specialized for motor and sensory functions (Figure 5.5). Thus, for 
example, subregion 5 (posterior mid-body) of the mid-sagittal area 
contains fibres connecting the parietal lobes and is involved in transferring 
tactile information from the primary somatosensory area of one 
hemisphere to the other. The general organization proposed in the table 
contained in Figure 5.5 is, however, derived mainly from work on monkeys 
(Pandya et al., 1971; Schmahmann and Pandya, 2006) and we have 
previously seen that recent human tractography results suggest that it may 
be an oversimplification, with many subregions overlapping. 
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 primary visual cortex, there is absence or scarcity of callosal projec-
tions to the anterior third of the temporal lobe and the auditory 
receptive area, at the dorsal surface of the superior temporal gyrus. 
There is also an absence of projections to the hand region of the 
parietal lobe (BA 3, 1 and 2) and a near absence in the dorsal region 
of the anterior parietal lobe. In the frontal lobe there is an absence 
of projections to the hand and foot regions lying hidden on the 
anterior bank of the central sulcus (area 4) and a sparse or moder-
ate number to the orbitofrontal and dorsal prefrontal cortex. With 
these exceptions, the cortical surface throughout seems to receive 
commissural fi bres with great intensity (Myers, 1965). In humans a 
similar pattern of callosal projections can be replicated in vivo with 
spherical deconvolution tractography (Figure 9.4D, E) (Dell’Acqua 
et al., 2010b). A possible difference is the presence of callosal con-
nections to the boundary region between area 17 and 18, which 
has been observed in the human but not the monkey brain (Clarke 
and Miklossy, 1990). 
Callosal topography has been linked to theories explaining evolu-
tion of specialized brain functions. It has been proposed that evolu-
tionary pressures guiding brain size and lateralization of specialized 
areas are accompanied by reduced interhemispheric connectivity and 
greater intrahemispheric connectivity (Aboitiz et al., 1992; Corballis 
et al., 2000; Gazzaniga, 2000). Thus, areas receiving reduced input 
from a homologous contralateral cortical area would become spe-
cialized by virtue of being deprived of transcallosal connections. 
Similarly, by being connected through smaller diameter, slower- 
conducting transcallosal fi bres, specialized areas reduce unnecessary 
crosstalk and maintain separate parallel processing systems (Doron 
and Gazzaniga, 2008). The absence of direct callosal connections in 
certain areas, as shown in Figure 9.4C–E can therefore be explained 
by the fact that both lateral orbitofrontal cortex and ventral temporo-
occipital areas show selectivity for highly specialized and lateralized 
functions such as face perception in the right hemisphere (Kanwisher 
et al., 1997; Gauthier et al., 1999), or speech and visual words in the 
left hemisphere (Epelbaum et al., 2008). These theories remain spec-
ulative, although future, tractography studies combining both meth-
odologies for callosal microstructure (e.g. axonal diameter) and 
cortical projection topography are likely to advance our understand-
ing of human interhemispheric integration in relation to the evolu-
tion of the human brain.
Figure 9.5 Subregional topography of the mid-sagittal area of the human corpus callosum according to Witelson’s division (diagram) and corresponding cortical 
projections. The table compares the cortical projections of Witelson’s regions as derived from axonal tracing studies in monkey and human spherical deconvolution 
tractography.
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Figure 5.5 Subregional topography of the mid-sagittal area of the human 
corpus callosum according to Witelson’s division (diagram) and 
corresponding cortical projections. The table compares the cortical 
projections of Wit lson’s regions as  derived fr m axonal tracing studies in 
monkey and human spherical deconvolution tractography.
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Furthermore, the tractography reconstruction suggests that the pattern of 
distribution of the callosal fibres  may be shifted posteriorly in the human as 
compared to the monkey brain (see also Figure 5.4). This could explain 
some of the differences between experimental results in callosotomized 
monkeys and split-brain human patients (e.g. preservation of 
somatosensory transfer in patients  with resection of the posterior body and 
isthmus). Much of our knowledge about the functional specificity of the 
callosal subregions comes from experimental studies in animals (see 
Glickstein and Berlucchi, 2008, for a review) and testing patients who have 
undergone a full or partial severing of the corpus callosum (see 
Gazzaniga, 2000 for a review). After partial callosotomy, the function of 
d i sconnec ted ca l l osa l sub reg ions can be assessed w i th 
neuropsychological testing. Patients  with anterior callosotomy (rostrum, 
genu, and body) usually show no impairment in most the cases (Gordon et 
al., 1971; Risse et al., 1989; Aglioti et al., 2000). Patients  with only the 
posterior third of the splenium spared from callosotomy show deficits  in all 
sensory modalities of inter- hemispheric transfer except for visual 
information (Risse et al., 1989). Finally, disconnection of the splenium 
abolishes interhemispheric transfer of visual modalities (Gazzaniga and 
Freedman, 1973). There are, however, many exceptions among 
callosotomized patients and many cases of patients with non-surgical 
damage to subregions of the corpus callosum that suggest a functional 
segregation of the callosal fibres.
The combination of diffusion MRI with fMRI, and behavioural 
measurements allows for a finer grained study of functional subregional 
topography. Dougherty et al. (2005) found that streamlines connecting 
extrastriate visual areas are topographically organized within the splenium, 
with representation from the fovea to the periphery proceeding in an 
anterior to posterior direction. In a study by Baird et al. (2005) participants 
were asked to recognize and name objects  presented from unusual and 
canonical perspectives. This would require interhemispheric integration 
between the right parietal cortex, specialized for recognizing objects from 
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unusual perspectives, and the left inferior frontal cortex, which is 
specialized for object naming. Their results indicate that shorter reaction 
times were associated with higher fractional anisotropy values in the 
splenium, whereas longer reaction times were associated with higher 
fractional anisotropy values  in the genu. These results  suggest that 
interhemispheric transfer is a dynamic process and that the performances 
in the same task depend on the anatomical features of the callosal 
connections mediating the communication between the two hemispheres. 
Johansen-Berg et al. (2007) found a direct correlation between 
performances in bimanual coordination and fractional anisotropy levels in 
the body of the corpus callosum. A recent probabilistic tractography study 
showed that quantification of tractography-derived parameters varies 
according to the tracking side (Putnam et al., 2010). The authors found 
that a greater numbers of streamlines propagate from the right extrastriate 
visual areas through the splenium than from the left side. Although the 
authors have interpreted this  result as  reflecting an anatomical feature of 
the splenium that explain classical findings of a speeded right-to-left 
transfer of visual information, other methodological considerations could 
explain these findings  (e.g. interhemspheric asymmetry of others tracts 
crossing with the callosal fibres).
5.8 Anatomy of the corpus callosum in ASD
Initial anatomical studies reported reduced cross-sectional area of the 
corpus callosum in ASD compared to controls (Egaas et al., 1995; Manes 
et al., 1999), which were not confirmed by later studies (Elia et al., 2000; 
Herbert et al., 2004). In a recent meta-analysis of the anatomical studies 
of the corpus callosum in ASD, Frazier and Hardan (2009) found all 
regions of the corpus callosum to be smaller than controls after controlling 
for overall brain volume. The larger effect sizes were found in the anterior 
regions, particularly in the rostral body. The reduced volume of the anterior 
corpus callosum seems to affect not only task related (Kana et al., 2006; 
Just et al., 2007), but also resting state functional connectivity between the 
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two hemispheres (Cherkassky et al., 2006). One of the problem related to 
structural studies of the corpus callosum in ASD is related to the cross-
sectional method of measurement. With this  method the separation 
between different segments of the corpus  callosum is arbitrary and the 
method takes  only in consideration changes in the cross-sectional areas 
rather than the entire callosal fibres. 
DTI offers the advantage of measuring microstructural integrity of callosal 
fibres, which could be altered even in the presence of normal volumes. 
The first published DTI study to examine white matter in people with 
autism (Barnea-Goraly et al., 2004) compared seven patients to nine 
controls and found relatively reduced fractional anisotropy in the genu and 
rostral body of the corpus callosum. In a more recent DTI study on the 
corpus callosum, Alexander et al. (2007) scanned 43 subjects with ASD 
and 34 controls and found decreased volume in the corpus callosum of the 
ASD group, in particular in the rostrum, genu and body. They found that a 
subgroup of the ASD group with low IQ and verbal performance had 
especially low FA and high mean diffusivity (MD) values which correlated 
with smaller regional and overall volume. These values were driven by an 
increase in radial diffusivity across the fibres, which was related to slower 
processing speed (Alexander et al., 2007). A further DTI study of whole 
white matter also found differences in the corpus callosum, with reduced 
FA in the genu, posterior midbody and isthmus of the corpus callosum 
(Keller et al, 2007). In a recent study Hong et al., (2011) compared global 
and regional T1 measures (cross-sectional corpus callosum volume and 
density), and the DTI measures of transcallosal fibers, between children 
with ASD and typically developing controls. These authors reported 
significantly less white matter density in the anterior third of the corpus 
callosum, and higher diffusivity and lower number of streamlines of the 
anterior third transcallosal fiber tracts  in ASD group compared to typically 
developing children. These results confirmed an involvement of the 
anterior third of the corpus in ASD.
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The involvement of different segments of the corpus callosum could be 
related to specific symptoms in ASD. Keary et al. (2009) found the volume 
of anterior segments of the corpus callosum to be reduced in a high-
functioning autism group. That group also showed a relationship 
between volumetric alterations and performance on several cognitive 
tests of frontal lobe function, including the Tower of Hanoi test. In 
conclusion the volume of the corpus callosum is  proportionally smaller 
compared to the volume of the whole brain in ASD and this anatomical 
alterations could explain impaired interhemispheric connectivity and 
cognitive functions requiring frontal lobes integration. It remains to 
understand the relationship between callosal abnormalities and clinical 
symptoms of ASD. 
106
References
Aboitiz F, Scheibel AB, Fisher RS, Zaidel E (1992). Fiber composition of 
the human corpus callosum. Brain Res 598:143-53.
Aglioti SM, Tassinari G, Fabri M, et al., (2001). Taste laterality in the split 
brain. Eur J Neurosci 13:195-200.
Alexander AL, Lee JE, Lazar M, et al., (2007). Diffusion tensor imaging of 
the corpus callosum in autism. Neuroimage 34:61-73.
Alexander DC (2005). Multiple-fiber reconstruction algorithms for diffusion 
MRI. Ann NY Acad Sci 1064:113-33.
Assaf Y, Blumenfeld-Katzir T, Yovel Y, Basser PJ (2008). AxCaliber: a 
method for measuring axon diameter distribution from diffusion MRI. Magn 
Reson Med 59:1347-54.
Baddaruddin DH, Andrews GL, Bolte S,et al., (2007). Social and 
behavioural problems of children with agenesis of the corpus callosum. 
Child Psychiatry Hum Dev 38:287-302.
Baird A, Colvin M, Vanhorn J, Inati S, Gazzaniga M (2005). Functional 
connectivity: Integrating behavioral, diffusion tensor imaging, and 
functional magnetic resonance imaging data sets. J Cogn Neurosci 
17:687-93.
Ballmaier M, Kumar A, Elderkin-Thompson V, et al., (2008). Mapping 
callosal morphology in early- and late-onset elderly depression: an index 
of distinct changes in cortical connectivity. Neuropsychopharmacology 
33:1528-36.
107
Banich MT, Brown WS (2000). A life-span perspective on interaction 
between the cerebral hemispheres. Dev Neuropsychol 18:1-10.
Barazany D, Basser PJ, Assaf Y (2009). In vivo measurement of axon 
diameter distribution in the corpus callosum of rat brain. Brain 
132:1210-20.
Barnea-Goraly N, Kwon H, Menon V, et al., (2004). White matter structure 
in autism: preliminary evidence from diffusion tensor imaging. Biol 
Psychiatry 55, 323-6.
Baron-Cohen S, Leslie AM, Frith U (1985). Does the autistic child have a 
“theory of mind”? Cognition 21:37-46.
Behrens TE, Berg HJ, Jbabdi S, Rushworth MF, Woolrich MW (2007). 
Probabilistic diffusion tractography with multiple fibre orientations: What 
can we gain? NeuroImage 34:144-55.
Catani M, Dell’Acqua F (2011). Mapping white matter pathways with 
diffusion imaging tractography: focus on neurosurgical applications. In 
Hughes Duffau (ed.), Brain mapping: from neural basis of cognition to 
surgical applications. Wien: Springer.
Catani M, Howard RJ, Pajevic S, Jones DK (2002). Virtual in vivo 
interactive dissection of white matter fasciculi in the human brain. 
NeuroImage 17:77-94.
Chao YP, Cho KH, Yeh CH, et al., (2009). Probabilistic topography of 
human corpus callosum using cytoarchitectural parcellation and high 
angular resolution diffusion imaging tractography. Hum Brain Mapp 
30:3172-87.
108
Cherkassky VL, Kana RK, Keller TA, Just MA (2006). Functional 
connectivity in a baseline resting-state network in autism. Neuroreport 
17:1687-90.
Clarke S (2003). The role of homotopic and heterotopic callosal 
connections in humans. In Zaidel E, Iacoboni M (Eds.) The parallel brain, 
pp. 461–72. Cambridge, MA: MIT Press.
Clarke S, Miklossy J (1990). Occipital cortex in man: organization of 
callosal connections, related myelo- and cytoarchitecture, and putative 
bound- aries of functional visual areas. J Comp Neurol, 298:188-214.
Cook N (1986). The brain code: mechanisms of information transfer and 
the role of the corpus callosum. London: Methuen.
Corballis  P, Funnell M, Gazzaniga M (2000). An evolutionary perspective 
on hemispheric asymmetries. Brain Cogn 43:112-17.
Crosby EC, Humphrey T, Lauer EW (1962). Correlative Anatomy of the 
Nervous System. New York: Macmillian Co.
Déjérine J (1895). Anatomie des Centres  Nerveux, Vol. 1. Paris: Rueff et 
Cie. 
Dell’Acqua, F., Thiebaut de Schotten, M., Chick, J., et al. (2010a). 
Correspondence between in vivo axonal diameter and cortical connectivity 
of the corpus callosum, Proc. 16th Annual meeting of the Organization for 
Human Brain Mapping, Barcelona, Spain. 
Dell’Acqua F, Scifo P, Rizzo G, et al., (2010b). A modified damped 
Richardson-Lucy algorithm to reduce isotropic background effects in 
spherical deconvolution. NeuroImage 49:1446-58. 
109
Demeter S, Rosene DL, van Hoesen GW (1990). Fields  of origin and 
pathways of the interhemispheric commissures  in the temporal lobe of 
macaques. J Comp Neurol 302:29-53.
Di Virgilio G, Clarke S, Pizzolato G, Schaffner T (1999). Cortical regions 
contributing to the anterior commissure in man. Exp Brain Res 124:1-7.
Doherty D, Tu S, Schillmoeller K, Schillmoeller G (2006). Health-related 
issues in individuals  with agenesis of the corpus callosum. Child Care 
Health Dev 32:333-42.
Doron KW, Gazzaniga MS (2008). Neuroimaging techniques offer new 
perspectives on callosal transfer and interhemispheric communication. 
Cortex 44:1023-9.
Dougherty R, Ben-Shachar M, Bammer R, et al., (2005). Functional 
organization of human occipital-callosal fiber tracts. Proc Natl Acad Sci 
USA 102:7350-5.
Egaas B, Courchesne E, Saitoh O (1995). Reduced size of corpus 
callosum in autism. Arch Neurol 52:794-801.
Elia M, Ferri R, Musumeci SA, et al., (2000). Clinical correlates of brain 
morphometric features of subjects with low-functioning autistic disorder. J 
Child Neurol 15:504-8.
Foxman BT, Oppenheim J, Petito CK, Gazzaniga MS (1986). Proportional 
anterior commissure area in humans and monkeys. Neurology 
36:1513-17.
Frank LR (2001). Anisotropy in high angular resolution diffusion-weighted 
MRI. Magn Reson Med 45:935-9.
110
Frazier TW, Hardan AY (2009). A meta-analysis of the corpus callosum in 
Autism. Biol Psychiatry 66:935-41.
Gauthier I, Tarr M, Anderson A, Skudlarski P, Gore J (1999). Activation of 
the middle fusiform ‘face area’ increases with expertise in recognizing 
novel objects. Nat Neurosci 2:568-73.
Gazzaniga MS (2000). Cerebral specialization and interhemispheric 
communication: Does the corpus callosum enable the human condition? 
Brain 123:1293–326.
Glickstein M, Berlucchi G (2008). Classical disconnection studies of the 
corpus callosum. Cortex 44:914-27.
Goldstein G, Minshew N, Siegel D (1994). Age differences in academic 
achievement in high- functional autistic individuals. J Clin Exp 
Neuropsychol 16:671-80.
Gordon HW, Sperry RW (1969). Lateralization of olfactory perception in 
the surgically separated hemispheres of man. Neuropsychologia 7:111-20.
Gordon HW, Bogen JE, Sperry RW (1971). Absence of deconnexion 
syndrome in two patients with partial section of the neocommissures. 
Brain 94:327-36.
Gross CG, Bender DB, Mishkin M (1977). Contributions of the corpus 
callosum and the anterior commissure to visual activation of inferior 
temporal neurons. Brain Res 131:227-39.
Happé FG (1994). An advanced test of theory of mind: Understanding of 
story characters’ thoughts and feelings by able autistic, mentally 
handicapped, and normal children and adults. J Autism Dev Disord 
24:129-54.
111
Herbert MR, Ziegler DA, Makris  N, et al., (2004). Localization of white 
matter volume increase in autism and developmental language disorder. 
Ann Neurol 55:530-40.
Hofer S, Frahm J (2006). Topography of the human corpus callosum 
revisited-comprehensive fiber tractography using diffusion tensor magnetic 
resonance imaging. NeuroImage 32:989-94. 
Huang H, Zhang J, Jiang H, et al. (2005). DTI tractography based 
parcellation of white matter: application to the mid-sagittal morphology of 
corpus callosum. NeuroImage 26:195-205. 
Johansen-Berg H, Della-Maggiore V, Behrens TE, et al., (2007). Integrity 
of white matter in the corpus callosum correlates with bimanual co-
ordination skills. NeuroImage, 36(Suppl 2), T16–21. 
Just MA, Cherkassky VL, Keller TA, Minshew NJ (2004). Cortical 
activation and synchronization during sentence comprehension in high-
functioning autism: evidence of underconnectivity. Brain 127:1811-21.
Just MA, Cherkassky VL, Keller TA, et al., (2007). Functional and 
anatomical cortical underconnectivity in autism: Evidence from an fMRI 
study of an executive function task and corpus callosum morphometry. 
Cereb Cortex 17:951-61.
Kana RK, Keller TA, Cherkassky VL, et al., (2006). Sentence 
comprehension in autism: thinking in pictures with decreased functional 
connectivity. Brain 129:2484-93.
Kanwisher N, Mcdermott J, Chun M (1997). The fusiform face area: a 
module in human extrastriate cortex specialized for face perception. J 
Neurosci 17:4302-11. 
112
Keary CJ, Minshew NJ, Bansal R, et al., (2009) Corpus callosum volume 
and neurocognition in autism. J Autism Dev Disord 39:834-41.
Keller TA, Kana RK, Just MA (2007). A developmental study of the 
structural integrity of white matter in autism. Dev Neurosci 18:23-27.
Kiernan JA (1998). Barr’s Human Nervous System: An Anatomical View 
Point. Philadelphia, PA: Lippincot–Raven. 
Lauer EW (1945). The nuclear pattern and fiber connections of certain 
basal telencephalic centers in the macaque. J Comp Neurol 82:215-54. 
Ledoux JE, Risse GL, Springer SP, et al., (1977). Cognition and 
commissurotomy. Brain 100:87-104. 
Mai JK, Assheuer J, Paxinos  G (1997). Atlas of the human Brain. San 
Diego, CA: Academic Press. 
Manes F, Piven J, Vrancic D, et al., (1999). An MRI study of the corpus 
callosum and cerebellum in mentally retarded autistic individuals, J 
Neuropsychiatry Clin Neurosci 11:470-74.
Meynert T (1885). A Clinical Treatise on Diseases of the Fore-brain Based 
Upon a Study of Its Structure, Functions, and Nutrition (Sachs, B. Trans.). 
New York: G.P. Putnam’s Sons. 
Myers RE (1965). Organization of forebrain commissures. In Ettlinger, 
E.G. (Ed.) Functions of the corpus callosum. CIBA Foundation Study 
Group 20, pp. 133–43. London: J&A Churchill. 
113
Pandya D, Karol E, Heilbronn D (1971). The topographical distribution of 
interhemispheric projections in the corpus callosum of the rhesus monkey. 
Brain Res 32:31-43.
Park H, Kim J, Lee S, et al., (2008). Corpus  callosal connection mapping 
using cortical gray matter parcellation and DT-MRI. Hum Brain Mapp 
29:503-16.
Paul LK, Brown WS, Adolphs R, et al., (2007). Agenesis of the corpus 
callosum: Genetic, developmental and functional aspects of connectivity. 
Nat Rev Neurosci 8:287-99.
Pollmann S, Maertens M, von Cramon DY, et al., (2002). Dichotic listening 
in patients with splenial and nonsplenial callosal lesions. Neuropsychology 
16:56-64.
Putnam MC, Steven MS, Doron KW, et al., (2010). Cortical projection 
topography of the human splenium: hemispheric asymmetry and individual 
differences. J Cogn Neurosci 22:1662-9.
Reil JC (1812). Mangel des mittleren und freyenn Theils  des Balkens im 
Menschengehirn. Arch Physiol, II, 341-4.
Risse GL, Ledoux JE, Springer SP, et al., (1978). The anterior commissure 
in man: functional variation in a multisensory system. Neuropsychologia 
16:23-31.
Risse G, Gates J, Lund G, et al., (1989). Interhemispheric transfer in 
patients with incomplete section of the corpus callosum. Anatomic 
verification with magnetic resonance imaging. Arch Neurol 46:437-43.
114
Rocha-Miranda CE, Bender DB, Gross CG, Mishkin M (1975). Visual 
activation of neurons in inferotemporal cortex depends  on striate cortex 
and forebrain commissures. J Neurophysiol 38:475-91.
Rockland KS, Pandya DN (1986). Topography of occipital lobe 
commissural connections in the rhesus monkey. Brain Res 365:174-8.
Sanders RJ (1989). Sentence comprehension following agenesis  of the 
corpus callosum. Brain Lang 37:59-72.
Schmahmann JD, Pandya DN (2006). Fiber Pathways of the Brain. New 
York: Oxford University Press.
Seacord L, Gross CG, Mishkin M (1979). Role of inferior temporal cortex 
in interhemispheric transfer. Brain Res 167:259-72.
Sperry RW, Gazzaniga MS, Bogen JE (1969). Interhemispheric 
relationships: the neocortical commissures; syndromes of hemispheric 
disconnection. In Vinken, P.J. and Bruyn, G.W. (Eds.) Handbook of Clinical 
Neurology Vol 4; Disorders of speech, perception and symbolic behaviour, 
pp. 237–90. Amsterdam: Elsevier.
Symington SH, Paul LK, Symington MF, et al., (2010). Social cognition in 
individuals with agenesis of the corpus callosum. Soc Neurosci 5:296-308.
Temple CM, Jeeves MA, Villaroya O (1990). Reading in callosal agenesis. 
Brain Lang 39:235-53.
Talairach J, Tournoux P (1988). Co-planar Stereotaxic Atlas of the Human 
Brain: 3-Dimensional Proportional System – an Approach to Cerebral 
Imaging. New York: Thieme Medical Publishers.
115
Tomasch J (1954). Size, distribution, and number of fibres in the human 
corpus callosum. Anat Rec 119:119-35.
Tournier JD, Calamante F, Gadian DG, Connelly A (2004). Direct 
estimation of the fiber orientation density function from diffusion-weighted 
MRI data using spherical deconvolution. NeuroImage 23:1176-85.
Tuch DS, Reese TG, Wiegell MR, Wedeen VJ (2003). Diffusion MRI of 
complex neural architecture. Neuron 40:885-95.
Turner BH, Mishkin M, Knapp ME (1979). Distribution of the anterior 
commissure to the amygdaloid complex in the monkey. Brain Res 
162:331-7.
Witelson SF (1989). Hand and sex differences in the isthmus and genu of 
the corpus callosum. A postmortem morphological study. Brain 
112:799-835.
Woodruff PWR, Pearlson GD, Geer MJ (1993). A computerized magnetic 
resonance imaging study of corpus callosum morphology in schizophrenia. 
Psycholog Med 23:45-56.
Zaidel D, Sperry RW (1974). Memory impairment after commissurotomy in 
man. Brain 97:263-72.
Zarei M, Johansen-Berg H, Smith S, et al. (2006). Functional anatomy of 






The cerebellum has an established role in fine motor co-ordination 
(Glickstein, 1993) but, through connections with cortico-striato-thalamic 
systems, it is now appreciated to have a broader function in coordinating 
higher order cognition, behaviour and emotion (Schmahmann, 1991). As a 
consequence, not only has the cerebellum been linked to ASD, but it may 
play a role in a number of psychiatric conditions, including obsessive 
compulsive disorder (Kim et al., 2001; Tobe et al., 2010), which is  in turn 
genetically linked to ASD (Abramson et al., 2005; Hollander et al., 2003). 
Despite the number of structural and functional studies of cerebellar 
abnormalities in ASD, few studies have directly examined pathways 
connecting cerebellum with the rest of the brain, and none have explored the 
behavioural consequences of their developmental disruption in ASD. In this 
chapter the functional anatomy of the cerebellum is reviewed and some 
theories linking cerebellum to ASD manifestation discussed in some detail.  
6.2 Anatomy of the cerebellum 
The cerebellum (‘small brain’) occupies the posterior fossa, a space between 
the posterior aspect of the brainstem and the ventral surface of the occipital 
lobes. On the external surface it is possible to identify a medial structure, the 
vermis, and two lateral hemispheres. The classical lobar division of the 
cerebellum distinguishes an anterior lobe, a larger posterior lobe, and a 
smaller flocculonodular lobe (Figure 6.1) (Dow and Moruzzi, 1958; Makris  et 
al., 2005). A further division of the cerebellum identifies five lobules in the 
anterior lobe (lobules I–V) and five lobules in the posterior lobe (lobules VI–
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X). Within the white matter of the cerebellar hemisphere it is  possible to 
identify on each side three pairs of deep cerebellar nuclei located laterally to 
the midline: the dentate, interposed, and fastigial nuclei. The dentate nucleus 
is  the largest of the cerebellar nuclei and receives connections mainly from 
the lateral cerebellar hemispheres. The volume of the right dentate nucleus is 
larger than the left in right-handed subjects, with an opposite asymmetry in 
left-handed (Deoni and Catani, 2007). The interposed nucleus  is composed 
of two smaller nuclei, the emboliform (anterior interposed) and globose 
(posterior interposed) nuclei. Both receive inputs from the medial cerebellar 
hemispheres. The fastigial is the most medial nucleus and receives 
projections from the vermis and flocculonodular lobe (Figure 6.1).
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selection of purposeful patterns of movement in response to inter-
nal and environmental stimuli (Pessiglione et al., 2003), and reward 
and motivation (Pessiglione et al., 2006). 
A further functional subdivision separates the cortico-basal gan-
glia network into motor, associative, and limbic circuits (Alexander 
et al., 1986; Lehéricy et al., 2004; Schmahmann and Pandya, 2008).
The motor circuit includes the motor and promotor cortex, the 
putamen, the external and internal pallidum, the subthalamic 
nucleus, and the ventrolateral thalamic nuclei. Disorders of the 
motor circuit manifest with extrapyramidal motor defi cits (Bhatia 
and Marsden, 1994). In Parkinson’s disease, for example, the loss 
of dopaminergic projections from the substantia nigra pars com-
pacta results ultimately in a reduced excitatory thalamic output to 
the cortex (Figure 10.6B). This explains the diffi culties in the initia-
tion of movement and the bradykinesia (slowness of movement) 
typical of parkinsonian patients (Wichmann and DeLong, 1993). In 
Huntington’s chorea the loss of striatal gamma-aminobutyric acid 
(GABA) neurons that project to the external pallidum results in the 
increased excitatory thalamic output to the cortex (Figure 10.6C). 
This explains the abnormal excessive movements observed in 
 choreic patients (DeLong, 1990). Two recent studies suggest that 
frontostriatal white matter changes can be detected with diffusion 
tensor imaging not only in symptomatic Huntington’s disease 
patients (Douaud et al., 2009), but also in individuals known to 
carry the genetic mutation that causes Huntington’s disease (Rosas 
et al., 2006).
The associative circuit is composed of the dorsolateral prefrontal 
cortex, dorsal caudate nucleus, internal pallidum, and ventral 
 anterior thalamic nuclei. Lesions to the associative circuit impair 
attention, working memory, strategy formation, and cognitive 
 fl exibility (Stuss and Benson, 1984). Lesion studies suggest a func-
tional asymmetry in this circuit: spatial neglect and visuo-spatial 
disorientation are more frequently described in patients with right 
caudate lesions, while defi cits in verbal encoding, reduced verbal 
fl uency, and aphasia occur more often in left caudate lesions 
(Caplan et al., 1990; Trépanier et al., 1998; Kumral et al., 1999).
The limbic circuit is composed of the medial and orbitofrontal 
cortex, ventral striatum (i.e. nucleus accumbens), external and inter-
nal pallidum, and mediodorsal thalamic nucleus. The limbic circuit is 
involved in the neurobiology of neurodevelopmental disorders 
(e.g. schizophrenia) (Spoletini et al., 2010), addiction (Wise, 1987; 
Robbins and Everitt, 2002; Kalivas, 2009), and obsessive compulsive 
disorder (Mataix-Cols et al., 2004; Remijnse et al., 2006). In schizo-
phrenia, for example, functional imaging studies have attributed 
positive symptoms, such as hallucinations and delusions, to an 
increased activity within the thalamo-limbic projections. Conversely, 
behavioural changes that resemble the negative symptoms of schiz-
ophrenia, such as disinhibition, irritability, mood lability, and reduced 
motivation have been reported for acquired lesions of the ventral 
striatum (Levy and Dubois, 2006; Schoenbaum et al., 2007). In 
young children with fragile X syndrome, a disorder characterized by 





















Figure 10.7 A) Anterior and B) posterior 3D reconstruction of the human cerebellum, with parcellation according to the Dow and Moruzzi’S (1958) classical 
division into an anterior lobe, posterior lobe, and fl occulo-nodular lobe. (Makris et al., 2005). 1–2) Right sectional views of parasagittal images of the cerebellar 
hemispheres, the planes of section passing through the deep cerebellar nuclei (Deoni and Catani, 2007). 2) The classical division of the vermis into ten regions 
(Larsell and Jansen, 1972). DN, dentate nucleus; FN, fastigial; IN, interposed nucleus.
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Figure 6.1 A) Anterior and B) posterior 3D reconstruction of the human 
cerebellum, with parcellation according to the Dow and Moruzzi’S (1958) 
classical division into an anterior lobe, posterior lobe, and flocculo-nodular 
lobe. (Makris et al., 2005). 1–2) Right sectional views of parasagittal images 
of the cerebellar hemispheres, the planes of section passing through the 
deep cerebellar nuclei (Deoni and Catani, 2007). 2) The classical division of 
the vermis into ten regions (Larsell and Jansen, 1972). DN, dentate nucleus; 
FN, fastigial; IN, interposed nucleus.
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The cerebellar cortex and the deep cerebellar nuclei are densely connected 
to extracerebellar structures  through the superior, middle, and inferior 
cerebellar peduncles (Figure 6.2). The two main cerebellar afferent pathways 
are the spinocerebellar tracts, entering the cerebellum through the inferior 
and superior cerebellar peduncles, and the pontocerebellar tract (the final 
limb of the cortico-ponto-cerebellar pathway) entering the cerebellum through 
the middle cerebellar peduncle. 
Projection systems   389
(FMR1) protein, Haas et al. (2009) found an increase in the number 
of streamlines (a surrogate of tract volume) in the ventral frontostri-
atal pathway compared to typically developing and developmen-
tally delayed children. The authors concluded that altered FMR1 
protein expression can alter white matter anatomy during early 
brain development. In children and adolescents with Tourette’s syn-
drome, increased diffusivity has been reported in the frontostriatal 
pathway compared to typically developing subjects (Govindan et al., 
2010). These studies suggest that diffusion tensor imaging may be 
used to detect early white matter abnormalities of the limbic circuit 
in neurodevelopmental disorders.
Cerebellar pathways
The cerebellum (‘small brain’) occupies the posterior fossa, a space 
between the posterior aspect of the brainstem and the ventral 
surface of the occipital lobes. On the external surface it is possible 
to identify a medial structure, the vermis, and two lateral hemi-
spheres. The classical lobar division of the cerebellum distinguishes 
an anterior lobe, a larger posterior lobe, and a smaller fl occulonod-
ular lobe (Figure 10.6) (Dow and Moruzzi, 1958; Makris et al., 
2005). A further division of the cerebellum identifi es fi ve lobules 
in the anterior lobe (lobules I–V) and fi ve lobules in the posterior 
lobe (lobules VI–X). Within the white matter of the cerebellar 
 hemisphere it is possible to identify on each side three pairs of deep 
cerebellar nuclei located laterally to the midline: the dentate, 
 interposed, and fastigial nuclei. The dentate nucleus is the largest 
of the cerebellar nuclei and receives connections mainly from the 
lateral cerebellar hemispheres. The volume of the right dentate 
nucleus is larger than the left in right-handed subjects, with an 
opposite asymmetry in left-handed (Deoni and Catani, 2007). The 
interposed nucleus is composed of two smaller nuclei, the emboli-
form (anterior interposed) and globose (posterior interposed) 
nuclei. Both receive inputs from the medial cerebellar hemispheres. 
The fastigial is the most medial nucleus and receives projections 
from the vermis and fl occulonodular lobe (Figure 10.7). 
The cerebellar cortex and the deep cerebellar nuclei are densely 
connected to extracerebellar structures through the superior, 
middle, and inferior cerebellar peduncles (Figure 10.8). The two 
main cerebellar afferent pathways are the spinocerebellar tracts, 
entering the cerebellum through the inferior and superior cerebel-
lar peduncles, and the pontocerebellar tract (the fi nal limb of the 
cortico-ponto-cerebellar pathway) entering the cerebellum through 
the middle cerebellar peduncle. The inferior cerebellar peduncle 
also carries reciprocal connections with structures of the brainstem, 
including the inferior olivary nucleus, vestibular nuclei, and reticular 
nuclei. The superior cerebellar peduncle is the major cerebellar 
output, originating from the deep  cerebellar nuclei and projecting 
to the contralateral cerebral hemisphere via the thalamus, and to 
other contralateral brainstem regions including the red nucleus. It 
also carries some afferent fi bres from the brainstem and from the 







Figure 10.8 A) Left lateral and B) posterior view of the long and short intrinsic cerebellar connections visualized with diffusion tensor tractography. The cortico-
ponto-cerebellar pathway (red) carries information from the cerebral cortex to the contralateral cerebellum through the middle cerebellar peduncle (MCP). The 
inferior cerebellar peduncle (ICP,) contains spino-cerebellar fi bres (yellow) projecting to the ipsilateral cerebellar hemisphere. The intrinsic cerebellar fi bres (cyan) 
elaborate information from the cortex and the spinal cord and send feedback projections to the contralateral thalamus and red nucleus through the superior 
cerebellar peduncle (green). Catani et al., 2002.
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Figure 6.2 A) Left lateral and B) posterior view of the long and short intrinsic 
cerebellar connections visualized with diffusion tensor tractography. The 
cortico- ponto-cerebellar pathway (red) carries information from the cerebral 
cortex to the contralateral cerebellum through the middle cerebellar peduncle 
(MCP). The inferior cerebellar peduncle (ICP,) contains  spino-cerebellar 
fibres (yellow) projecting to the ipsilateral cerebellar hemisphere. The intrinsic 
cerebellar fibres (cyan) elaborate information from the cortex and the spinal 
cord and send feedback projections to the contralateral thalamus and red 
nucleus through the superior cerebellar peduncle (green). (Catani et al., 
2002).
The inferior cerebellar peduncle also carries reciprocal connections with 
structures of the brainstem, including the inferior olivary nucleus, vestibular 
nuclei, and reticular nuclei. The superior cerebellar peduncle is the major 
cerebellar output, origi ating fr m the deep cer bellar nuclei nd pr j cting 
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to the contralateral cerebral hemisphere via the thalamus, and to other 
contralateral brainstem regions including the red nucleus. It also carries 
some afferent fibres  from the brainstem and from the spinal cord (ventral 
spinocerebellar tract).
6.3 Long-range cerebellar loops and intracerebellar circuits
The long cerebellar tracts form a system organized in parallel but partially 
overlapping loops (Figure 6.3A). The first of these, the cortico-ponto-
cerebellar-thalamo-cortical loop originates from the motor, association, and 
paralimbic regions of the cerebral cortex (Schmahmann and Pandya 2008). 
These regions have topographically organized feedforward pontine 
projections traveling within the bundle of Arnold (fibres from the frontal 
regions) and the bundle of Türck (fibres from the parieto-temporal-occipital 
regions) (Brodal, 1978; Wiesendanger et al., 1979; Hartmann-von Monakow 
et al., 1981; Glickstein et al., 1985; Schmahmann et al., 2004). The pontine 
nuclei in turn project to distinct cerebellar zones. Those nuclei receiving from 
the cerebral motor cortex project to the vermis and the medial portion of the 
cerebellar hemispheres. Those nuclei receiving from the association and 
paralimbic areas project to the lateral zones of the cerebellar hemispheres. 
The vermis and the medial cerebellar hemispheres receive inputs also from 
the vestibular nuclei and the spinocerebellar tracts. Each cortical zone of the 
cerebellum is connected with a cerebellar output nucleus: the medial 
cerebellar hemisphere to the interposed nucleus, the lateral cerebellar 
hemisphere to the dentate. Each cerebellar nucleus in turn projects back to 
the contralateral cortical motor and premotor areas through the ventrolateral 
nucleus of the thalamus (Middleton and Strick, 1997).
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Long-range cerebellar loops and intracerebellar circuits
The long cerebellar tracts form a system organized in parallel but 
partially overlapping loops (Figure 10.9A). The fi rst of these, the 
cortico-ponto-cerebellar-thalamo-cortical loop originates from the 
motor, association, and paralimbic regions of the cerebral cortex 
(Schmahmann and Pandya 2008). These regions have topographi-
cally organized feedforward pontine projections travelling within 
the bundle of Arnold (fi bres from the frontal regions) and the 
bundle of Türck (fi bres from the parieto-temporal-occipital regions) 
(Brodal, 1978; Wiesendanger et al., 1979; Hartmann-von Monakow 
et al., 1981; Glickstein et al., 1985; Schmahmann et al., 2004). The 
pontine nuclei in turn project to distinct cerebellar zones. Those 
nuclei receiving from the cerebral motor cortex project to the vermis 
and the medial portion of the cerebellar hemispheres. Those nuclei 
receiving from the association and paralimbic areas project to the 
lateral zones of the cerebellar hemispheres. The vermis and the 
medial cerebellar hemispheres receive inputs also from the vestibu-
lar nuclei and the spinocerebellar tracts. Each cortical zone of the 
cerebellum is connected with a cerebellar output nucleus: the 
medial cerebellar hemisphere to the interposed nucleus, the lateral 
cerebellar hemisphere to the dentate. Each cerebellar nucleus in 
turn projects back to the contralateral cortical motor and premotor 
areas through the ventrolateral nucleus of the thalamus (Middleton 
and Strick, 1997). 
The second loop is the cerebellar-rubro-olivo-cerebellar network. 
The red nucleus is a relatively large nucleus of the midbrain that 
receives cerebellar projections mainly from the dentate nucleus 
(and some from the interposed) and gives rise to short rubro-thal-
amic fi bres and long rubro-spinal fi bres. Some of the rubro-spinal 
projections end in the inferior olivary nucleus, which in turn proj-
ects back to the cerebellum via the inferior cerebellar peduncle. 
A third loop includes feed-forward projections from the vestibu-
lar nuclei and reticular nuclei to the vermis and feedback projec-
tions from the fastigial nucleus. 
The cerebellum has a central role in motor coordination and 
learning, as suggested by the anatomical features of its long-range 
connections (Voogd, 2003; Roitman et al., 2005; Ramnani, 2006). 
Through the spino-cerebellar and vestibulo-cerebellar pathways the 
cerebellum receives a large amount of information regarding the 
position of the limbs, body, and head in the space. Information 
regarding the space of the surrounding environment and the 
intended motor action reaches the cerebellum through the bundles 
of Türck and Arnold, respectively. The role of the cerebellum is to 
compare and integrate the information received and coordinate 
the correct execution of movements, from the initial preparatory 
phase to its completion (Dow and Moruzzi, 1958). The initial pre-
paratory stage of a movement involves the anticipatory actions of 
the proximal axial muscles that control body posture and produce 
stereotyped movement. The proximal muscles are under control of 
the red nucleus (rubro-spinal tract) and the olivary complex (olivo-
spinal tract), and indirectly the cerebellum through its cerebello-
rubro and cerebello-olivo connections. The second stage requires 
Figure 10.9 A) A simplifi ed diagram of the parallel cerebellar loops. A cerebro-cerebellar parallel neural circuit connects the motor (blue), prefrontal (purple), and 
parietal-temporal-occipital (cyan) cortex to the cerebellum through the pontine nuclei. The same cerebral areas receive afferents from the deep cerebellar nuclei 
via the thalamus through the superior cerebellar peduncle (green arrows). Other loops connect the cerebellum to the vestibular nuclei (via the inferior cerebellar 
peduncle, ICP) and the inferior olivary nucleus (via the interposed, dentate and red nucleus). B) Diagram of the principal intracerebellar neurons and fi bres. Note 
that the colours in both fi gures correspond to the colours of the tracts in Figure 10.8.
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Figure 6.3 A) A simplified diagram of the parallel cerebellar loops. A cerebro-
cerebellar parallel neural circuit connects the motor (blue), prefrontal 
(purple), and parietal-temporal-occipital (cyan) cortex to the cerebellum 
through the pontine nuclei. The same cerebral areas receive afferents from 
the deep cerebellar nuclei via the thalamus through the superior cerebellar 
peduncle (green arrows). Other loops  connect the cerebellum to the 
vestibular uclei (via the inferior cerebellar pe uncle, ICP) and th  inferior 
olivary nucleus (via the interposed, dentate and red nucleus). B) Diagram of 
the principal intracerebellar neurons and fibres. Note that the colours in both 
figures correspond to th  colours of the tracts in Figure 6.2.
The second loop is  the cerebellar-rubro-olivo-cerebellar network. The red 
nucleus is  relatively large nucleus of the midbr in t at eceiv s  cerebellar 
proje tions ainly from the dentate nucleus (and some from the int rposed) 
and gives rise to short r bro-thalamic fib s and long rub -spi l fibres. 
Some of the rubro-spinal projections end in the inferior olivary nucleus, which 
in turn projects back to the cerebellum via the inferior cerebellar peduncle. A 
third loop includes feed-forward projections  from the vestibular nuclei and 
reticular nuclei to the vermis and feedback projections from the fastigial 
nucleus.
The cerebellum has a central role in motor coordination and learning, as 
suggested by the anatomical features of its  long-range connections (Voogd, 
2003; Roitman et al., 2005; Ramnani, 2006). Through the spino-cerebellar 
and vestibulo-cerebellar pathways the cerebellum receives a large amount of 
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information regarding the position of the limbs, body, and head in the space. 
Information regarding the space of the surrounding environment and the 
intended motor action reaches the cerebellum through the bundles of Türck 
and Arnold, respectively. The role of the cerebellum is to compare and 
integrate the information received and coordinate the correct execution of 
movements, from the initial preparatory phase to its completion (Dow and 
Moruzzi, 1958). The initial preparatory stage of a movement involves the 
anticipatory actions of the proximal axial muscles that control body posture 
and produce stereotyped movement. The proximal muscles are under control 
of the red nucleus  (rubro-spinal tract) and the olivary complex (olivo-spinal 
tract), and indirectly the cerebellum through its cerebello-rubro and cerebello-
olivo connections. The second stage requires  the facilitation and execution of 
finely tuned movements of the distal muscles in order to reach a target object 
or execute an intended action. This requires a synergy between contraction 
and release of agonistic and antagonistic muscles, and a precise guidance of 
the limb and head movements according to the dynamic changes of the 
object and the body position in space. The cerebellum participates in the 
above functions (but not the initiation of a movement) through its  projections 
to the cortical motor and premotor areas. Finally the cerebellum carries out 
the adjustments necessary to correct errors occurring during the execution of 
movements. This process is also fundamental for the automatization of 
learned movements, which depends on synaptic changes occurring within 
the intracerebellar circuit.
The principal components  of the intracerebellar circuit are the parallel fibres 
from the granule cells and the axonal projections from the Purkinje neurons 
(Figure 6.3B). The axons  of the granule cells  ascend to the most superficial 
cortical layer (i.e. molecular) of the cerebellum, bifurcate at T-shaped 
branches into parallel fibres, and project to the Purkinje cells  where they 
exert an excitatory (glutamate) effect. The Purkinje axons have a zonal 
parallel organization and terminate in the deep cerebellar nuclei where they 
have an inhibitory effect (GABA). The axonal projections from the deep 
cerebellar nuclei to the thalamus and red nucleus are excitatory (glutamate). 
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The Purkinje and granule cells, and the neurons of the deep cerebellar nuclei 
are the first relay station for all afferent cerebellar fibres. The two principal 
inputs to the cerebellum are: i) mossy fibres  from the pons, medulla, and 
spinal cord; ii) climbing fibres  from the contralateral inferior olivary nucleus. 
Both sets of fibres  are excitatory and send collaterals to the deep cerebellar 
nuclei before projecting to the granule cells (mossy fibres) and directly to the 
Purkinje cells (climbing fibres). The other cells  of the cerebellar cortex (i.e. 
basket, Golgi, and stellate) connect to the Purkinje and granule cells through 
relatively short pre- and post-synaptic inhibitory (GABA) projections (Eccles 
et al., 1967). The ability of the cerebellum to compute a large amount of 
incoming information and generate a relatively small but timely and 
topographically precise output signal depends on the summation of the 
incoming excitatory signal from the extracerebellar regions and the inhibitory 
effect of the Purkinje cells. The summation occurs on the neuronal 
membranes of the deep cerebellar nuclei, whose output is only one-fortieth of 
the overall incoming signal reaching the cerebellum.
6.4 Clinical manifestations of cerebellar pathology
The anatomical considerations above allow some conclusions about the 
possible correlation between classical cerebellar syndromes and lesion 
topography to be drawn (Table 6.1). The most frequent cerebellar deficit is 
the loss of motor coordination, also known as cerebellar ataxia. Lesions to 
the vermis  present with severe ataxia of axial muscles (i.e. trunk and 
proximal limbs). The patient is unable to stand or sometimes even sit 
unaided. If aided he can only stand with his feet widely apart and take small 
steps with frequent loss  of equilibrium and falls  (gait ataxia). If the lesion 
involves the posterior lobe and flocculus, the patient presents a severe 
vestibular syndrome characterized by nystagmus, rotation of the head, 
nausea, and vertigo (Duncan et al., 1975; Lee et al., 2006). Ataxia of the 
limbs accompanied by loss of muscle tone (hypotonia) and a tremor that 
worsens with movement (intention tremor) are often associated with lesions 
to the anterior cerebellar lobe. Damage to the lateral cerebellar hemispheres 
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manifests with symptoms that have many features of the frontal lobe 
syndrome, such as attentional, executive, and reasoning dysfunction, 
personality and behavioural changes, and mood disorders (Schmahmann 
and Sherman, 1998; Exner et al., 2004). Most of these subjects have mild 
and transient symptoms. The non-motor cerebellar symptoms are usually 
described under the umbrella of the cerebellar cognitive affective syndrome 
(CCAS) (Müller et al., 1998; Schmahmann and Sherman, 1998), a concept 
that extends the functions of the cerebellum beyond its classical motor 
functions (for critiques of the CCSA see Glickstein, 1993). 
Table 6.1 Neurological and neuropsychiatric manifestations of cerebellar 
disorders.
Syndromes Localization Clinical manifestations
Motor anterior lobe 
and vermis




Vertigo, nausea, nystagmus, gait ataxia 
Cognition Posterior 
cerebellum
Inattentiveness, distractibility, hyperactivity, 
perseveration, impulsiveness, disinhibition, 








Obsessional thinking, compulsive and 
ritualistic behaviour, thought disorders and 
paranoid delusions, oppositional behaviour, 
disinhibition, passivity, immaturity, 
childishness, difficulty with social 
interactions, unawareness of social cues or 
boundaries, overly gullible and trusting
Emotion flocculo-nodular 
lobe
Lability, incongruous feelings, pathological 
laughing and crying, anxiety, agitation, 
irritability, anger, aggression, flattened 
affect, emotional blunting, apathy, 
anhedonia, depression.
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Underlying the CCAS is the concept of the universal cerebellar transform that 
considers the cerebellum to have an essential role in the automatization and 
optimization of behavioural responses according to context. The universal 
cerebellar transform hypothesis suggests that the cerebellum modulates 
cognition and emotion in the same way that it coordinates movement (Leiner 
et al., 1991; Schmahmann, 1991; Botez, 1992; Ito, 1993; Middleton and 
Strick, 1994; Andreasen et al., 1996; Schmahmann and Sherman, 1998). The 
tractography study by Ramnani et al. (2006) seems to give anatomical 
support in favour of the cerebellar participation to cognition. Using 
probabilistic diffusion tensor imaging these authors found in humans a 
relatively larger contribution of the prefrontal areas to the cortico-ponto-
cerebellar tract compared to monkeys. Further evidence in support of the role 
of the cerebellum in cognition, affect, and behaviour comes from patients with 
cerebellar lesions. Cognitive and affective deficits  are, for example, 
frequently observed in young patients  with the posterior fossa syndrome, a 
disorder of acute onset following the surgical resection of vermian midline 
tumours. Children usually develop buccal and lingual apraxia, apathy, and 
poverty of spontaneous movement that sometimes manifests with severe 
mutism. Emotional lability is also frequent in these children, with a rapid 
fluctuation between irritability, agitation, giggling, and easy distractibility 
(Wisoff and Epstein, 1984; Pollack, 1997; Levisohn et al., 2000; Riva and 
Giorgi, 2000). Non-motor symptoms have also been described in preterm 
subjects with altered cerebellar anatomy (Allin et al., 2001), in patients with 
cerebellar hypoplasia (Limperopoulos et al., 2006), and congenital 
malformations (Tavano et al., 2007). The opsoclonus myoclonus syndrome is 
a rare autoimmune condition that affects  children, and in most cases  is 
associated with neuroblastoma. In these children motor and non-motor 
symptoms often coexist. 
Similar symptoms have been described in adults with multiple system 
atrophy (Parvizi et al., 2007), in superficial siderosis (Polidori et al., 2001; van 
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Harskamp et al., 2005), and stroke (Malm et al., 1998; Leggio et al., 2000; 
Neau et al., 2000; Parvizi et al., 2001). Occasionally patients are quite 
significantly impaired in executive functions, working memory, motor shifting, 
and perseveration. Verbal fluency is impaired to the point of telegraphic 
speech or mutism but true aphasic disorders are rare (Frank et al., 2010). 
Anomia, agrammatic speech, and abnormal syntactic structure are also 
observed, with abnormal prosody (i.e. high pitched, hypophonic whining). 
Visuospatial impairment in diagram drawing or copying, and in 
conceptualization of figures have been reported but they are difficult to 
interpret because of the concomitant presence of attentional deficits and poor 
coordination. Some patients display simultanagnosia.
The behavioural manifestations of cerebellar lesions include abnormal 
modulation of behaviour and personality (notable with posterior lobe lesions 
that involve the vermis and fastigial nucleus), flattening of affect, alternating 
or coexistent with disinhibited behaviours such as over-familiarity, flamboyant 
and impulsive actions, and humorous but inappropriate and flippant 
comments (Schmahmann and Sherman 1998; Schmahmann et al., 2007; 
Schmahmann and Pandya, 2008). Regressive, childlike behaviours and 
obsessive–compulsive traits can also be observed. Cerebellar pathology and 
cerebellar neurological signs are very common in psychiatric 
neurodevelopmental disorders (Haas H. et al., 1996; Katsetos et al., 1997) 
such as autism (Courchesne, 1997; Harris  et al., 1999) abd schizophrenia 
(Andreasen et al., 1996; Schmahmann et al., 2007). 
6.5 Altered cerebellar anatomy and function in ASD
Post-mortem studies of cerebellum in ASD have reported significant 
differences in neuronal number, size, and density of Purkinje cells   (Bauman 
and Kemper, 1985; Ritvo et al., 1986; Fatemi et al., 2002; Whitney et al., 
2008). Neuroimaging studies of cerebellar volume, however, have been less 
consistent. Some studies report an increase in total cerebellum volume in 
proportion with enlarged cerebral volume in children with ASD (Herbert et al., 
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2003; Sparks et al., 2002); whereas studies of adult (Hallahan et al., 2009) 
and mixed age samples report smaller cerebellum volumes (Courchesne et 
al., 2005). Investigations of regional differences in cerebellar anatomy are 
also at variance. For instance, the posterior midsaggittal vermis areas VI-VII 
has been reported to be smaller in ASD (Carper and Courchesne, 2000; 
Courchesne et al., 2001), and a significant reduction in midsagittal vermian 
area, vermal lobes I–V, and vermal lobes VI–VII has also been found (Webb 
et al., 2009). Other studies have suggested either normal or enlarged 
anterior vermis (Akshoomoff et al., 2004; Courchesne, et al., 2001), or 
normal or smaller vermis lobules VIII-X (Courchesne, et al., 2001; Levitt et 
al., 1999). These mixed findings from neuroimaging studies may be due to 
their relatively small sample size, demographic and clinical heterogeneity, 
and/or differences in methodology. However, since Purkinje cells are 
consistently implicated in the neuropathology of ASD, and these comprise 
the major efferent system of the cerebellum, it is  possible that volumetric 
approaches do not optimally capture dysmaturation of an output pathway. 
Prior structural, functional and neurochemical studies  of ASD have also 
reported that differences in cerebellum are linked to anomalies in the 
cerebellar efferent targets, particularly the frontal lobe (Chugani, 2002; 
Grafman et al., 1992; McAlonan, et al., 2002).  These indirect findings are 
thought to reflect substantial and close connections between cerebellum and 
the rest of the cerebrum, and fit with theories that ASD is  a dysconnectivity 
disorder of large scale or ‘supra-regional’ brain systems (Cheung et al., 2009; 
McAlonan et al., 2005). While early volumetric studies of the cerebellum, 
inter-connected brain regions and white matter pathways lend support to the 
‘dysconnectivity’ hypothesis  of ASD, they lack direct and detailed localization 
and microstructural definition of tracts interconnecting network nodes. 
Advanced Diffusion Tensor Imaging (DTI) tractography methods now provide 
tools that allow us to directly examine cerebellar white matter anatomical 
‘connectivity’ with brain. 
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CHAPTER 7 
MAPPING WHITE MATTER ANATOMY OF THE 
NORMAL BRAIN
7.1 Introduction
Maturation of white matter tracts plays an important role in variability of 
mental performance, and acquisition of higher order processes, such as 
language performance (Lebel and Beaulieu, 2009), executive function, 
complex social cognition (Fields, 2008a) and speed of cognitive 
processing (Mabbott et al., 2006). Although long-range white matter tracts 
become visible during fetal development (Huang et al., 2006), their 
maturation (involving increased organization and myelination) takes on a 
protracted course that varies for different white matter tracts (Lebel et al., 
2008). Once myelinated, axons become capable of rapid transmission of 
electrical signals between neurons (Waxman, 1980). It is the long-range 
white matter tracts mediating connectivity within the extended socio-
emotional processing system that take on a particularly protracted 
developmental course. ASD can be considered as a deviation of the 
normal maturational process that take place in typically developing 
individuals. As a consequence, the aberrant maturational pathways in ASD 
may disrupt interregional communication. Considering that tracts 
development is a dynamic process that occurs during normal maturation 
and protracts into early adulthood, mapping the anatomy and 
interindividual variability of these tracts in healthy adults represents a first 
important step. In this  chapter we present an atlas of human brain 
connections derived from 40 healthy adults. The atlas allows to 
understand location, asymmetry and interindividual variability of the major 
tracts underlying social cognition, language and emotions. In addition the 
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atlas will be used to localise the findings from the meta-analysis  presented 
in Chapter 8 and those of the TBSS analysis in Chapter 11.  
7.2 Atlasing white matter anatomy
Until the advent of diffusion tensor imaging (DTI), our knowledge of white 
matter anatomy was based on a small number of influential 19th- and 
early 20th-century post-mortem dissection atlases (Burdach, 1819; 
Déjerine, 1895; Klingler, 1935). In common with their contemporary 
counterparts  (Talairach and Tournoux, 1988), these atlases  emphasize the 
constant or average anatomy of representative subjects at the expense of 
normal variability between subjects (Amunts and Willmes, 2006). A few 
post-mortem histological studies addressed the variability of the tracts 
between the two hemispheres, reporting, for example, asymmetries for the 
cortico-spinal tract (Flechsig, 1876; Yakovlev and Rakic, 1966; 
Rademacher et al., 2001), the optic radiations (Bürgel et al., 1999), and 
the uncinate (Highley et al., 2002). Bürgel et al. (2006) also showed that a 
significant inter-subject variability exists for each tract within the single 
hemispheres.
DTI has allowed the study of the in vivo anatomy of white matter tracts in 
the human brain (Catani et al., 2002; Mori et al., 2002, 2005; Wakana et 
al., 2004; Catani and Thiebaut de Schotten, 2008; Ciccarelli et al., 2008; 
Lawes et al., 2008) and addressed some of the questions that were 
difficult to answer with post-mortem dissections such as the location, 
asymmetry, and inter-subject variability of white matter tracts (Ciccarelli et 
al., 2003; Barrick et al., 2007; Catani et al., 2007; Wakana et al., 2007; 
Verhoeven et al., 2010). In recent years several groups have used DTI to 
produce group atlases of the major white matter tracts (Hua et al., 2008; 
Lawes et al., 2008; Verhoeven et al., 2010; Wassermann et al., 2010). 
These atlases contain maps  of the major white matter tracts that have a 
good correspondence with post-mortem blunt dissections and some of 
them address  the inter-subject variability between left and right 
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hemisphere, for example, in relation to gender (Thiebaut de Schotten et 
al., 2011a).
Our aim was to create a normative atlas of white matter human 
connections to understand normal anatomy and create a template to 
localise white matter changes identified by meta-analytical approaches 
and TBSS. We combined for the first time complementary approaches to 
visualize group maps based on statistical thresholds  and percentage 
overlap. A comparison between the DTI derived atlas and a previously 
published post-mortem histological atlas (Bürgel et al., 2006) is also 
presented and limitations of both approaches discussed.
7.3 Methods 
King’s College London Review Board approved the study, and informed 
consent was obtained from all subjects. Forty healthy right-handed 
volunteers (20 males and 20 females) aged between 18 and 22 years 
were recruited. 
DTI acquisition and processing
A total of 60 contiguous near-axial slices were acquired on a GE Signa 
1.5-T LX MRI system (General Electric, Milwaukee, WI) with 40-mT/m 
gradients, using an acquisition sequence fully optimized for DTI of white 
matter, providing isotropic (2.5•2.5•2.5mm) resolution and coverage of the 
whole head. The acquisition was peripherally-gated to the cardiac cycle 
with an echo time of 107 ms and an effective repetition time of 15 R–R 
intervals. At each slice location, seven images were acquired with no 
diffusion gradient applied, together with 64 diffusion-weighted images in 
which gradient directions were uniformly distributed in space. The diffusion 
weighting was equal to a b-value of 1300 s mm−2. Full details of this 
sequence are given in (Jones et al., 2002). BrainVISA (http:// 
brainvisa.info/) was used to correct for eddy current distortion of raw 
diffusion-weighted data and calculate the diffusion tensor and the 
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fractional anisotropy (FA) for each voxel. A tractography algorithm based 
on Euler integration (Jones et al., 2002) (step length 0.5 mm; FA threshold 
of 0.2, angle threshold of 45°) was used to propagate streamlines from 
‘seed’ regions  of interest (ROIs) manually-defined on Anatomist (http://
brainvisa.info). To ensure that the operator was blind to hemisphere during 
the ROIs delineation, and therefore provide protection against subjective 
bias, half of the datasets  were reflected along the midline. Following 
previously described criteria (Catani et al., 2002, 2003, 2005; Catani and 
Thiebaut de Schotten, 2008), ROIs were delineated around areas of white 
matter that represent ‘obligatory passages’ along the course of each tract 
(Figure 7.1). This permits one to visualize all streamlines of a single tract 
without constraining its  terminal projections, which may vary from subject 
to subject. A one-ROI approach was used for the anterior commissure, 
corpus callosum, arcuate, cingulum, internal capsule and fornix. A two-ROI 
approach was used for the inferior longitudinal fasciculus, inferior fronto-
occipital fasciculus, uncinate, cortico-spinal tract, optic radiations, and 
cerebellar tracts (cortico-ponto-cerebellar, spino-cerebellar, and superior-
cerebellar). A two-ROI approach was also used to separate the three 
segments of the arcuate fasciculus: a direct long segment between 
Wernicke’s and Broca’s territories an indirect posterior segment 
connecting Wernicke’s to Geschwind’s territories (inferior parietal lobule), 
and an indirect anterior segment connecting Geschwind’s to Broca’s 
territories (Catani et al., 2007).
Tract-specific measurements were extracted (i.e. number of streamlines, 
volume, and fractional anisotropy) and lateralization indices calculated 
(Parker et al., 2005; Powell et al., 2006; Catani et al., 2007; Vernooij et al., 
2007; Makris  et al., 2008; Matsumoto et al., 2008; Rodrigo et al., 2008; 
Sivaswamy et al., 2008; Lebel and Beaulieu, 2009) according to the 
following formula (for example for the number (N.) of streamlines):
(N. streamlines Right – N. streamlines Left)/ (N. streamlines Right + N. 
streamlines Left)
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Analysis  of the differences between the left and right hemispheres of each 
tract and the two genders was performed using repeated measure 
ANOVA. The lateralization index of each tract was set as  the within-
subjects factor (14 tracts) and the gender as the between-group factor. 
Statistical significance of the degree of the lateralization was determined 
using one-sample t test for each tract. Only results  that survived 
Bonferroni correction are presented.
Creation of the atlas based on group effect and variability maps
The B0 images of each subject were normalized to the Montreal 
Neurological Institute space (MNI, http://www.bic.mni.mcgill.ca/) using the 
T2 template provided in SPM5 (http://www.fil.ion.ucl. ac.uk/spm/). Then 
the affine (12 degrees of freedom) and elastic (16 iterations) 
transformation matrix derived from the normalization of the B0 images was 
applied to each FA map and an average FA template was created. This 
average FA template was used to normalize the individual FA maps to 
generate a normalized FA template. This new FA template was used to 
normalize again the individual FA maps. This process was  repeated five 
times to generate a sharper final normalized FA template (Ashburner, 
2007; Thiebaut de Schotten et al., 2011a).
The binary visitation maps were created for each tract by assigning each 
voxel a value of 1 or 0 depending on whether the voxel was intersected by 
the streamlines of the tract (Catani et al., 2007; Lawes et al., 2008; 
Thiebaut de Schotten et al., 2008). The binary visitation maps of each 
subject were normalized to the MNI space using the transformation matrix 
derived from the process of normalization of the FA maps described 
above. The visitation maps were then analysed following two 
complementary approaches (Ciccarelli et al., 2003; Thiebaut de Schotten 
et al., 2011a): i) group effect statistic; ii) percentage overlap. The first 
analysis aims to create maps based on the estimation of the group effect 
size following smoothing of the normalized binary maps with a 4-mm (full 
width at half maximum) isotropic Gaussian kernel. Smoothing has  been 
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classically applied to imaging analysis to obtain an approximately 
Gaussian distribution of the data (Worsley et al., 1992). In our analysis 
Gaussian distribution of the data was confirmed for three voxels along the 
inferior fronto- occipital fasciculus using the Shapiro-Wilk test (Shapiro and 
Wilk, 1965). This allows the use of standard parametric statistics in our 
dataset to draw statistical inferences (Ashburner and Friston, 2000) about 
the constant anatomy of the tract. The individual smoothed images were 
then entered into a design matrix for a one-sample t-test (mean 
significantly >0) corrected for Family Wise Error (FWE). Voxels  that 
occupied by the same tract in a statistically significant number of subjects 
(p<0.05) were coloured in blue and used to create the group effect maps. 
The second method creates percentage overlap maps by summing at 
each point in the MNI space the normalized visitation maps from each 
subject. In this case the visitation maps  are binary and unsmoothed, 
hence the overlap of the visitation maps varies according to inter-subject 
variability. This  is the method that was also used by Bürgel et al. (2006) to 
create a histological atlas of white matter tracts. Hence, by following their 
method we were able to produce percentage maps to compare side-by-
side our in vivo atlas with their histological atlas (http://www.fz-juelich.de/
inb/ inb-3//spm_anatomy_toolbox). Only maps with an overlap threshold of 
more than 50% were used for comparison. 3D rendering of the brains 
were calculated using the T1 pipeline in BrainVISA. 3D rendering of the 
maps were obtained using the online command AimsClusterArg in 
BrainVISA. The overall visualization and screenshots were performed in 
Anatomist (http://brain- visa.info).
To obtain preliminary data on the localizing validity of the atlas, the T1 or 
T2 structural images of two patients with brain lesions were normalized in 
the MNI with SPM5 using affine (12 degrees of freedom) and elastic (16 
iterations) transformation and superimposed onto the corresponding slices 
from the atlas. Then DTI tractography dissections (FA >0.2) of the tract 
affected by the pathology were performed in the native space of each 
143
patient to verify that the atlas localized the tract affected by the lesion 
correctly.
Figure 7.1 Diffusion tensor image template of an average dataset used to 
delineate the regions of interest. The FA maps on the right provide 
information about the general anatomy of the major association, 
commissural and projection white matter tracts. The color maps on the left 
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provide additional information on the local orientation of the tracts, where 
red color indicates a latero-lateral direction (left to right and right to left), 
green color an anterior-posterior direction (and vice versa), and blue color 







The outcome variables of the tract-specific measurements were used to 
describe the interhemispheric and gender differences. Both group effect 
and percentage overlap maps were used to describe the constant and 
variable features of the dissected tracts and to compare the DTI-derived 
reconstructions with the post-mortem histology maps.
Hemispheric asymmetries and between gender differences 
The lateralization indexes for the volume, number of streamlines, and FA 
of the dissected tracts are shown in Figure 7.2. 
Figure 7.2 Lateralization index of the volume, number of streamlines, and 
fractional anisotropy (mean ±95% confidence interval) of the projection 
and association pathways. Red asterisks indicate a statistical significance 
at p <0.05 after correction for multiple comparisons.
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A statistically significant leftward asymmetry was found for the volume (T
(39) =6 p< 0.001) and number of streamlines (T(39) =5.3 p< 0.001) of the 
cortico-spinal tract and for the volume (T(39) =7.2 p< 0.001) and number 
of streamlines (T(39) =10.9 p< 0.001) of the long segment of the arcuate 
fasciculus. The volume of the optic radiations showed a leftward 
asymmetry (T(39) =2.7 p <0.01), which did not survive Bonferroni 
correction.
A statistically significant rightward asymmetry was found for the volume of 
the arcuate fasciculus (T(39) =3.4 p <0.001) and for the number of 
streamlines (T(39) =4.4 p <0.001) of the inferior fronto-occipital fasciculus. 
Of the three segments of the arcuate fasciculus the anterior segment 
showed a rightward asymmetry in volume (T(39) =5.6 p <0.001) and 
number of streamlines (T(39) =5.9 p <0.001). Analysis  of the FA 
measurements revealed a leftward asymmetry for the inferior longitudinal 
fasciculus (T(39) =6.2 p <0.001). In contrast a rightward lateralization was 
found for the optic radiations (T(39) =5.1 p <0.001) and the anterior 
segment of the arcuate fasciculus  (T(39) =3.7 p <0.001). The ANOVA 
analysis showed a significant interaction between the lateralization index 
of tract volume and the gender (F(13,494) =2.0742 p <0.05), but no 
interaction for the lateralization index of the number of streamlines and FA. 
Post hoc analysis revealed a statistically significant gender difference in 
the lateralization index of the volume of the long segment of the arcuate (T
(38) =2.57 p <0.05), with males (lateralization index −0.56±0.36) showing 
a greater left lateralization compared to females (lateralization index 
−0.24±0.28). However the difference did not survive Bonferroni correction.
Group effect and overlap maps
The results  of the group effect statistic for the commissural, projection, 
cerebellar, and association tracts are shown in Figure 7.3. All tracts were 
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present in each subject except for the long segment of the arcuate on the 
right hemisphere. Hence, for the right long segment percentage overlap 
and group effect maps have been derived only from 16 subjects. 
Figure 7.3 3D reconstruction of the major commissural, associative, and 
projection pathways based on the group effect maps.
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Figure 7.4 Comparison between percentage maps based on post-mortem 
histology (upper rows) (Bürgel et al., 2006) and DTI tractography (lower 
rows) of the major commissural and projection tracts (the anterior 
commissure was not available for the histological maps). Numbers  above 
each slice refer to MNI coordinates. On the right, tridimensional 
reconstructions of two sets of maps (>50% tract overlap) are shown.
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Figure 7.5 Comparison between percentage maps based on post-mortem 
histology (upper rows) (Bürgel et al., 2006) and DTI tractography (lower 
rows) of the major association tracts. Numbers above each slice refer to 
MNI coordinates. On the right, tridimensional reconstructions of two sets of 
maps (>50% tract overlap) are shown.
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The DTI percentage overlap maps of projection, commissural, and 
associative tracts  are shown in Figures 7.4 and 7.5. A concentric 
distribution of the variability maps was observed for all tracts, with a 
descending gradient from the central portion (overlap >90%) to the most 
peripheral zones (overlap <50%).
Finally, composite maps derived from the overlap of the group effect and 
the percentage overlap maps were created for each dissected tract. The 
composite maps provide complementary information about the constant 
anatomy of the tracts and the inter-individual variability as illustrated by the 
tracts shown in Figure 7.6. The maps of the cingulum, for example, show a 
symmetrical pattern of both tract volume and percentage overlap maps. 
For other tracts  the lateralization of volume and the degree of overlap 
differ. This is the case for the inferior fronto-occipital fasciculus  where 
maps show no left–right differences in the tract volume but asymmetrical 
distribution of the percentage overlap maps. Finally the anterior segment 
of the arcuate is an example of asymmetry for both volume and 
percentage maps.
Comparison with histology-based variability maps
The percentage overlap maps derived from DTI-tractography were 
compared with the histological maps from the atlas of Bürgel et al. (2006). 
Overall there is a good anatomical correspondence between the DTI-
tractography and the histological maps for the central portion of the 
cortico-spinal tract, corpus callosum, and fornix. Differences between 
histological and DTI-tractography derived maps were particularly evident 
for the association tracts and cortical projections of the cortico-spinal tract. 
In particular the volume of the optic radiations and the cortico-spinal tract 
was smaller in the DTI maps compared to the histological maps, whereas 
volume of all association tracts was greater in the DTI maps compared to 
the histological maps. Differences in tract volume between the two atlases 
are due to partial reconstructions (false negatives) or overestimation (false 
positive) of the tracts due to limitations inherent to each technique. 
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Examples of the false negative reconstructions of DTI are the lack of 
lateral cortico-spinal tract projections to the face/ tongue region and the 
lack of callosal fibres projecting to the ventrolateral regions of the frontal, 
parietal and occipital lobes and posterior temporal lobe (i.e. tapetum). A 
false negative result of the histological maps is the lack of terminal 
projections for all association tracts (Figures 7.4 and 7.5).
Figure 7.6 The composite maps of the DTI-derived atlas reveal that the 
left–right differences in volume of the bilateral tracts do not always 
correlate with the left–right distribution of the percentage overlap maps. 
The cingulum, for example, shows an almost symmetrical distribution for 
both volume and percentage overlap maps, while the inferior fronto-
occipital fasciculus shows similar left–right volumes but greater overlap in 
the right side (i.e. lower inter-subject variability) (pink arrows). Finally the 
anterior segment shows rightward asymmetry for both volume and 
percentage maps (pink arrows). On the lower panel the dashed lines 




We used DTI-tractography to produce a white matter atlas in the MNI 
space that describes  the in vivo variability of the major association, 
commissural, and projection connections. Three findings emerge from this 
work. First, tracts like the cortico-spinal tract and the long segment of the 
arcuate fasciculus are left lateralized, whereas the anterior segment of the 
arcuate fasciculus and the inferior fronto-occipital fasciculus are right 
lateralized. Secondly, we confirmed gender differences for the long 
segment, which is more left lateralized in males as compared to females. 
Finally, each tract showed an inter-individual variability that could reflect 
anatomical differences among the healthy population.
The leftward asymmetry found in the cortico-spinal tract and the long 
segment of the arcuate fasciculus  is in agreement with previous findings 
from post-mortem dissections (Rademacher et al., 2001), in vivo DTI-
tractography (Nucifora et al., 2005; Hagmann et al., 2006; Eluvathingal et 
al., 2007; Lebel and Beaulieu, 2009), and voxel-based analysis  of T1-
images (Good et al., 2001; Hervé et al., 2006, 2009). An important 
question is the extent to which structural differences between the two 
hemispheres correlate with functional lateralization, and whether the 
anatomical lateralization of language and sensory-motor pathways reflects 
differences in language, visuo-spatial processing, and handedness. 
Preliminary studies combining DTI tractography and fMRI reported no 
correlation between the lateralization of the arcuate fasciculus  volume and 
the degree of functional lateralization as determined by fMRI during tasks 
of verbal fluency, verb generation and reading comprehension (Powell et 
al., 2006). The functional lateralization seems to correlate better with the 
lateralization of the fractional anisotropy (Powell et al., 2006; Vernooij et 
al., 2007) and the number of streamlines of the arcuate fasciculus  as 
demonstrated in right-handed healthy individuals  (Vernooij et al., 2007) 
and in patients with temporal lobe epilepsy (Rodrigo et al., 2008).
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There are also preliminary findings showing that the extreme left 
lateralization of the direct long segment (fronto-temporal) is associated 
with worse performance on a complex verbal memory task that relies  on 
semantic clustering for retrieval (i.e. California Verbal Learning Test, 
CVLT). The correlation remained significant after splitting the group 
according to gender, suggesting that the main determinant of CVLT 
performance is the anatomy (symmetry) of the language pathways, and 
not the gender. Overall these findings support the notion that lateralization 
of language to the left hemisphere is an important aspect of human brain 
organization but paradoxically, a bilateral representation might ultimately 
be advantageous for certain cognitive functions (Catani et al., 2007).
Higher FA in the anterior part of the superior cingulum has been previously 
reported in the left hemisphere using tractography (Gong et al., 2005) and 
voxel-based statistics (Park et al., 2004). Our analysis of the whole 
cingulum shows no significant hemispheric asymmetry, suggesting that 
overall the cingulum has a symmetrical distribution of the FA with only the 
anterior region showing a leftward asymmetry (Park et al., 2004; Gong et 
al., 2005).
In addition to the above findings  we report, for the first time, a rightward 
asymmetry for the volume of the fronto-parietal connections (i.e. anterior 
segment) of the arcuate fasciculus and the inferior fronto-occipital 
fasciculus. These tracts convey sensory information from parietal and 
occipital areas respectively, to a more anterior region in the inferior frontal 
gyrus. Lesions to the projection areas of the fronto-parietal segment of the 
arcuate fasciculus and the inferior fronto-occipital fasciculus  result in 
neglect (Doricchi et al., 2008), a syndrome characterized by the inability to 
process visual sensory information in one hemispace. Neglect occurs 
mostly with lesions to the right hemisphere and the asymmetry of the 
fronto-parietal segment of the arcuate fasciculus (Thiebaut de Schotten et 
al., 2005) and the inferior fronto-occipital fasciculus (Urbanski et al., 2008) 
may represent the anatomical correlate of right hemisphere dominance for 
visuo-spatial processing  (Thiebaut de Schotten et al., 2011b).
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We found gender differences in the lateralization of the fronto-temporal 
long segment of the arcuate, with a more left lateralized pattern in males. 
Previous studies have also reported gender differences in the 
lateralization of the cortical volume of language regions (Good et al., 2001; 
Luders et al., 2004), subcortical white matter anatomy (Good et al., 2001; 
Hagmann et al., 2006), and activation patterns during linguistic tasks 
(Shaywitz et al., 1995). It has been suggested that gender differences in 
the lateralization pattern may reflect a different maturational trajectory 
during development (Paus, 2010; Perrin et al., 2009). Some, for example, 
documented significant gender differences in the white matter of the left 
inferior frontal gyrus, a region containing anterior projections of the arcuate 
fasciculus: boys but not girls showed a linear age-related increase in the 
white matter volume in this region (Blanton et al., 2004). However, a 
recent DTI tractography study found no gender differences for the arcuate 
in the transition from childhood to adolescence (Lebel and Beaulieu, 
2009). Hence, the authors suggested that differentiation between the two 
hemispheres occur early in life and it is maintained during adolescence.
The inter-individual variability we observed for each tract is  likely to reflect 
differences in tract volume, their course, and termination. Other biological 
factors such as axonal diameter, density, and myelination modulate the 
diffusion signal and can explain inter- individual variability at a 
microstructural level (e.g. FA) (Beaulieu, 2009). However, other 
methodological explanations  should also be considered. The normalization 
procedure we employed, which deforms each brain to fit with the 
referential template, may produce misregistration errors (Ashburner, 
2007). Even small misregistration errors are likely to generate maps with a 
higher degree of overlap in the central portion of the tracts, and a lower 
degree of overlap in the peripheral regions. Misregistration is  also frequent 
in datasets where individual brains show structural differences in relation, 
for example, to age (Stadlbauer et al., 2008) and handedness (Hagmann 
et al., 2006). In our sample we recruited only right-handed subjects within 
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a relatively narrow age range to reduce this source of variability. The 
degree of uncertainty in the estimation of the fibre orientation which is 
typical of DTI-tractography algorithms may also increase variability across 
subjects. For example, in regions  containing crossing fibres the FA 
decreases as the confidence intervals in fibre orientation (i.e. ‘cone of 
uncertainty’) increases (Jones, 2003). In tractography, accumulated 
uncertainties in fibre orientation have clear potential for leading to 
erroneous reconstructions of pathways. For example Jones (2003) 
demonstrated that the cone of uncertainty is greater in the most terminal 
regions of the tracts where the reliability of fibre orientation maps 
decreases. In this study, we set a FA threshold of 0.2 to exclude most of 
voxels with a high cone of uncertainty and therefore reduce the probability 
of artifactual reconstructions.
The similarity between our maps and the histology-based atlas 
(Rademacher et al., 2001; Bürgel et al., 2006) suggests that true 
anatomical differences contribute to the variability observed in the healthy 
population. However, compared to the histological maps, our DTI 
tractography approach was not able to visualize the lateral projection of 
the cortico-spinal tract and the most anterior part of the optic radiations. 
This  is due to the limitations of current diffusion tensor models in resolving 
fibre crossing (McNab et al., 2009); in our case, DTI was unable to 
visualize the fibres of the cortico-spinal tract crossing the arcuate 
fasciculus. The use of novel algorithms in tractography reconstructions 
(e.g. spherical deconvolution) may in part overcome these limitations 
(Tournier et al., 2004, 2008; Dell’Acqua et al., 2007, 2010). For other 
tracts, such as the arcuate fasciculus, uncinate, and inferior fronto-
occipital fasciculus, DTI tractography was able to show anatomical 
features that are closer to classical post-mortem blunt dissections than 
post-mortem histology. This may be due to the difficulty of following 
anterior to posterior tracts  on coronal slices using post-mortem myelin 
staining methods. Differences in the age range between studies may also 
explain some of the differences we found between the post-mortem 
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(Bürgel et al., 2006) and the DTI tractography results (Jones et al., 2006; 
Verhoeven et al., 2010). White matter anatomy changes with age and in 
the older population white matter changes related to atrophy, reduced 
myelination, gliosis, and so forth can affect the ability to obtain reliable 
dissections. The subjects recruited for our study had a relatively young 
and narrow age range, and therefore the results  of our study may not be 
representative of white matter anatomy across the lifespan. Future atlases 
will need to take into account the age-related changes in diffusion 
measurements (Lebel et al., 2008, 2010; Lebel and Beaulieu, 2009; 
Verhoeven et al., 2010) and how theses changes affect the tracking 
results.
The atlas  could facilitate the identification of the main white matter tracts 
on T2- and T1-weighted MR images in patients with a wide range of 
pathologies including stroke, multiple sclerosis, acquired and hereditary 
leucoencephalopathies, neurodegenerative diseases, tumours, and 
vascular malformations. However, in these patients  the overlapping of the 
atlas maps with the structural data could raise some problems due, for 
example, to tissue displacement and an altered anatomy secondary to the 
tumour mass effect (Clark et al., 2003). Hence, the results in these 
patients should be interpreted with caution. Finally the atlas can also help 
localize between-group differences derived from voxel based 
morphometry analysis  in psychiatric disorders  such as autism, depression, 
schizophrenia (Kanaan et al., 2009) and antisocial behaviour (Craig et al., 
2009). The next Chapter reports an application of the atlas for the 
localization of a meta-analysis of structural imaging  studies in ASD.
In conclusion our results suggest that DTI-tractography maps can 
complement the information on the constant and variable features of white 
matter anatomy derived from quantitative histological atlases. Composite 
maps of interhemispheric asymmetry and inter-individual variability can be 
used to understand normal anatomy and help linking deficits to inferred 
dysfunction within distributed networks in ASD. 
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CHAPTER 8 
META-ANALYSIS OF VOXEL-BASED 
MORPHOMETRY STUDIES IN ASD
8.1. Introduction
The precise etiology of ASD is unknown but it is thought to have a strong 
genetic basis  (Volkmar et al. 1998; Abrahams & Geschwind, 2008). There 
is  a large body of evidence highlighting the role of abnormal brain 
development in ASD (Schultz, 2005). For example, structural 
neuroimaging studies  have identified several brain systems implicated in 
the disorder, including the cerebellum, visual cortex, amygdala and 
hippocampus (Abell et al. 1999; McAlonan et al. 2002, 2008; Waiter et al. 
2004; Brieber et al. 2007; Craig et al. 2007; Bonilha et al. 2008; Ke et al. 
2008; Toal et al. 2009). Functional neuroimaging studies have reported 
reduced activations in the amygdala and related limbic regions, including 
the cingulate cortex (Baron-Cohen et al. 1999; Pierce et al. 2001; Ashwin 
et al. 2007), all of which are thought to be consistent with the deficits in 
social behavior that are characteristic of the disorder (Baron-Cohen et al. 
2000).
A complementary and potentially more informative approach would be to 
identify systems-level or ‘supraregional’ brain abnormalities in ASD rather 
than within discrete brain regions. Cortical and sub-cortical regions that 
are altered in ASD are interconnected through a complex system of short- 
and long-range tracts running within the white matter of each hemisphere. 
Regional white matter abnormalities in ASD have been investigated using 
different methods, including a region of interest (ROI) approach on 
structural magnetic resonance imaging (MRI) scans (e.g. T2-weighted 
images) and more recent tract-specific dissections of diffusion tensor 
imaging (DTI) datasets. These approaches are mainly hypothesis driven 
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and therefore have been usually limited to single structures such as the 
corpus callosum (Piven et al. 1997; Hardan et al. 2000) or arcuate tract 
(Fletcher et al., 2010). These studies were valuable first steps – however 
there have been relatively few investigations and so it is  unknown how 
well these initial findings  will replicate and/or if the results are tract specific 
(i.e. if they are part of a generalized brain abnormality as suggested by a 
recent study of infants  at risk for ASD) or if they are regionally specific 
(Wolff et al., 2012). This paucity of research might be due partially to the 
difficulties of manually delimiting some white matter regions, which is time-
consuming and requires extensive anatomical knowledge (Waiter et al. 
2005).
The recent development of fully automated, whole-brain, voxel-based 
morphometry (VBM) methods (Ashburner & Friston, 2000, 2001; Mechelli 
et al. 2005), which overcome the difficulties in the manual delimitation of 
white matter regions, provides a powerful tool to study the potential 
differences in white matter volume in ASD. Unfortunately, recent 
applications of these novel methods to the study of white matter volumetric 
changes in ASD are often limited by relatively small sample sizes, 
resulting in insufficient statistical power. In this  context, we performed a 
voxel-based quantitative meta-analysis  of all published VBM studies in 
ASD reporting differences in white matter volume. For this  purpose, we 
adapted an existing meta-analytical method, signed differential mapping 
(SDM) (Radua and Mataix-Cols, 2009; Radua et al. 2010), for its 
application to white matter studies. To facilitate replication and further 
analyses by other colleagues, we also developed a readily accessible 
online database (www.sdmproject.com/database), which contains all the 




Criteria for inclusion and exclusion of studies
We conducted a comprehensive literature search of studies conducting 
T1- or T2-weighted VBM comparisons between patients with ASD and 
healthy controls published between 2002 (the date of the first white matter 
VBM study in ASD) and September 2010 using the PubMed, 
ScienceDirect, Web of Knowledge and Scopus databases. The search 
keywords were ‘Asperger’,  ‘autism’ or ‘autistic’, plus ‘morphometry’, 
‘voxel- based’ or ‘voxelwise’. 
In addition, we conducted manual searches within several review papers 
and the reference sections of the articles obtained. Studies  containing 
duplicated datasets (i.e. analyzed the same data in different manuscripts) 
and studies with less than 10 patients were excluded. Next, the 
corresponding authors were contacted by email requesting any details not 
included in the original manuscripts. MOOSE (Meta-analysis Of 
Observational Studies in Epidemiology) guidelines (Stroup et al. 2000) 
were followed in the study.
Comparison of global and regional white matter volumes
Meta-analytical differences in global white matter volumes were calculated 
using standard random effects models with the ‘globals’ procedure in SDM 
software (www.sdmproject.com), which uses  restricted maximum-
likelihood estimation of the variance, a fitting method that has been 
recommended for its  good balance between unbiasedness and efficiency 
(Viechtbauer, 2005).
Regional differences in white matter volume between patients  and controls 
were also analyzed using SDM, a novel voxel-based meta-analytic 
approach that improves upon other existing methods (Turkeltaub et al. 
2002; Wager et al. 2007) and has been used in previous meta-analyses of 
VBM studies (Radua and Mataix-Cols, 2009; Bora et al. 2010; Radua et al. 
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2010). The main advantage of SDM is that it uses the reported peak 
coordinates to recreate maps of the signed (i.e. positive and negative) 
volume differences between patients and controls, rather than just 
assessing the probability or likelihood of a peak. This unique feature 
makes SDM an optimal method for comparing patients with controls 
without biasing the results  towards those brain regions with more inter-
study heterogeneity (Radua and Mataix-Cols, 2010). First, peak 
coordinates of white matter differences between patients and controls are 
extracted from each dataset. Importantly, those peaks that are not 
statistically significant at the whole-brain level are excluded. That is, 
although different studies  may use different thresholds, we ensure that the 
same statistical threshold throughout the brain is  used within each study. 
This  is  intended to avoid biases towards liberally thresholded brain 
regions, as it is not uncommon in neuroimaging studies that the statistical 
threshold for some ROIs is  more liberal than for the rest of the brain. 
Second, a standard Talairach map of the differences in white matter is 
recreated separately for each study by means of a Gaussian kernel that 
assigns higher values to the voxels closer to peaks. This includes limiting 
voxel values to a maximum to avoid biases towards studies reporting 
various coordinates in close proximity, and reconstructing both increases 
and decreases of white matter volume in the same map. Third, the mean 
map is  obtained by calculating voxelwise the mean of the study maps, 
weighted by the squared root of the sample size of each study so that 
studies with large sample sizes contribute more. This analysis is 
complemented with additional analyses to assess the robustness of the 
findings (Radua and Mataix-Cols, 2009), namely descriptive analyses of 
quartiles to find the actual proportion of studies  reporting results in a 
particular brain region (regardless of p values) and jackknife sensitivity 
analyses to assess the reproducibility of the results. Statistical significance 
is  determined using standard randomization tests, thus creating null 
distributions from which p values can be obtained directly (Radua and 
Mataix-Cols, 2009). The reproducibility of the results was also assessed 
by analyzing pediatric and adult samples separately, although we could 
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not perform formal statistical tests  given the small number of studies in 
each group.
In this study, we adapted SDM for its  use in white matter VBM studies. It 
should be noted that the null hypothesis  of the standard randomization test 
is  that peak coordinates are distributed uniformly throughout all the gray 
matter of the brain. The test consists of randomly relocating the original 
peak coordinates in all gray matter voxels as  defined by a gray matter 
randomization template, and comparing the original values with the values 
obtained from these randomizations (Wager et al. 2007). However, we 
aimed to assess the statistical significance of white (rather than gray) 
matter volumes, and thus we needed to create a specific white matter 
randomization template. Otherwise, the use of a gray matter 
randomization template to assess white matter volumes would be 
equivalent to the use of the body weight variance to assess the statistical 
significance of body height differences. The white matter mask was 
created with the standard parameters for gray matter masks (Wager et al. 
2007), but including white instead of gray matter. This new mask is 
included in a new, readily available version of SDM software 
(www.sdmproject.com/) to allow other researchers to conduct statistically 
correct voxel- based meta-analyses of white matter studies. No other 
aspects of the original method were modified.
Localization of changes in white matter volume
A DTI-derived atlas  (presented in Chapter 7) was used to optimally 
localize the changes in white matter volume detected in our meta-analysis. 
This  atlas provides digital maps of long-range white matter tracts 
normalized in a common space of reference. The maps are derived from 
virtual in vivo dissections (Catani et al. 2002; Catani and Thiebaut de 
Schotten, 2008) of diffusion tensor datasets and provide information on 
the degree of anatomical variability within the normal population by 
quantifying the percentage of overlap for each single voxel (e.g. 50%, 75% 
and >90%). The results from the VBM meta- analyses were therefore 
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overlapped on the digital masks of each tract provided in the atlas to 
localize the regional differences.
8.3 Results
Included studies and sample characteristics
As shown in Figure 8.1, the search retrieved a total of 17 publications or 
abstracts comprising 19 studies  (that is, independent comparisons 
between ASD and healthy control samples). 
Figure 8.1 Inclusion of studies. 
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Three publications were discarded because they contained duplicated 
datasets (McAlonan et al. 2005), less than 10 patients  (Yamasue et al. 
2005) or a mixed control group that included healthy controls, children with 
reading disability and children with benign macrocephaly (Bigler et al. 
2010). After contacting the authors, no methodological ambiguities 
remained regarding the design or analysis of 11 publications comprising 
13 independent comparisons, but three studies had to be excluded 
because they were missing key information for our meta-analysis (i.e. 
peak coordinates from whole-brain analyses) (Schmitz et al. 2007; Hong 
et al. 2008; Langen et al. 2009). Therefore, 13 high-quality datasets could 
be included in this meta-analysis, of which six consisted of adult ASD 
samples and seven of pediatric or adolescent samples. There was a 
partial sample overlap between two studies (McAlonan et al. 2002; Toal et 
al. 2009). For this reason we conducted the meta-analysis with all studies 
and then repeated the analyses excluding the latter study. Finally, we were 
not able to discard a potential overlap in the samples of two other studies 
(Ke et al. 2008, 2009), and therefore we also repeated the meta-analysis 
excluding the latter.
Combined, the studies included 246 patients with ASD (125 a u t i s m ; 8 4 
Asperger; 37 unknown) and 237 healthy controls. Patients comprised 133 
adults (45 autism; 66 Asperger; 22 unknown) and 113 children/
adolescents (80 autism; 18 Asperger; 15 unknown). As shown in Table 1, 
no relevant differences between patients and controls were found in terms 
of age and gender, as the original studies  were already well matched in 
this  respect. Full IQ was slightly lower in the ASD group, although this 
difference was largely due to a single study in which the patients had a 
fairly low IQ (Boddaert et al. 2004). Therefore, we also repeated the meta-
analysis excluding this study to remove the potential confounding effects 
of IQ. Further details  of each of the included studies, such as co-morbid 
conditions, medication status  or diagnostic criteria, can be found at 
www.sdmproject.com/database.
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Global differences in white matter volume
Global white matter volumes were available from five independent 
datasets within four publications (Waiter et al. 2005; Hyde et al. 2009; 
McAlonan et al. 2009; Ecker et al. 2010). No statistically significant 
differences in global white matter volume were found between ASD 
patients (n=87) and healthy controls (n=108) [unbiased Hedges’ (Hedges 
and Olkin, 1985) d=-0.10, z=-0.70, p=0.481]. This was true for both 
pediatric/adolescent (Waiter et al. 2005; McAlonan et al. 2009) (d=-0.12, 
z=-0.67, p=0.501) and adult (Hyde et al. 2009; Ecker et al. 2010) 
(d=x0.05, z=x0.18, p=0.857) samples. No significant heterogeneity was 
found in any of the analyses (all studies: Q=2.16, 4 df, p=0.707; children/
adolescents: Q= 0.77, 2 df, p=0.680; adults: Q=1.35, 1 df, p=0.245).
Regional differences in white matter volume
Data for this analysis were obtained from all the studies included in the 
meta-analysis. As shown in Table 2 and Figure 8.2, ASD patients showed 
a large increase in white matter volume [1187 voxels, maximum at (34, x2, 
32), SDM=0.160] in the right centrum semiovale, comprising the arcuate 
fasciculus and also a small part of the extreme capsule. Patients  also 
showed a moderately large increase in white matter volume [418 voxels, 
maximum at (-26, 6, -4), SDM=0.159] in the left external/extreme capsule, 
comprising the inferior fronto-occipital and the uncinate fasciculi. 
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Figure 8.2 Main increased white matter regions in individuals with autistic 
spectrum disorders (ASD) compared with healthy controls. Localization of 
the white matter changes  in the right arcuate fasciculus (top left), the left 
inferior fronto-occipital fasciculus (top right) and the left uncinate fasciculus 
(bottom left). (a–c) Overlapping between the white matter maps of the 
meta-analysis (white area) and the digital maps of the corresponding 
fasciculus derived from an atlas of human brain connections (Catani & 
Thiebaut de Schotten, 2010). The different colors indicate the percentage 
of overlap of the voxel containing the fibers  of the fasciculus in the normal 
population. The green voxels represent voxels that are visited by a 
statistically significant number of fibers  of the fasciculus in the normal 
population after family-wise error (FWE) correction. (d) Tractography 
reconstruction of the fasciculi, modified from Catani et al. (2002).
These increases in white matter volume were detected separately in both 
pediatric and adult samples [right increase maxima: (38, -4, 40), SDM= 
0.122 in children and (30, -6, 22), SDM=0.337 in adults ; left increase 
maxima: (-28, -4, -2), SDM= 0.159 in children and (-32, -14, -6), 
SDM=0.215 in adults], although we could not perform formal statistical 
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tests because of insufficient numbers of pediatric and adult studies. 
Finally, a small decrease in white matter volume (15 voxels) in the right 
anterior cingulum and the corpus callosum was also detected.
The results  remained largely unchanged in the analysis  of quartiles, with 
the specified white matter increases detected in the third quartile map (i.e. 
at least 25% of the studies had found some increase in those regions) and 
the anterior cingulum/corpus  callosum decrease in the median map. 
Whole-brain jackknife sensitivity analysis  showed that the results were 
highly replicable, as white matter increases in the right arcuate fasciculus 
and in the left inferior fronto-occipital/uncinate fasciculi were preserved in 
all but one of the combinations of studies. Conversely, a white matter 
decrease in the anterior cingulum/ corpus callosum failed to emerge in 
four combinations of studies. Finally, findings were nearly identical when 
the studies that had a potential sample overlap (Ke et al. 2009; Toal et al. 
2009) or included patients  with very low IQ (Boddaert et al. 2004) were 
excluded from the analyses, with the exception of the white matter volume 
decrease in the anterior cingulum/ corpus callosum, which was no longer 




To my best knowledge, this is  the first meta-analysis  of VBM studies of 
white matter volume in ASD. The study is  timely given that a sufficient 
number of high-quality studies have only recently become available. The 
main findings were that individuals with ASD consistently display increases 
in white matter volume in the right arcuate fasciculus and left inferior 
fronto-occipital and uncinate fasciculi. These results  were obtained in both 
pediatric/adolescent and adult samples.
The arcuate fasciculus  is a white matter bundle connecting perisylvian 
areas in the frontal, parietal and temporal lobes (Figure 8.2, top left). In the 
left hemisphere, it connects the classical brain language regions: 
Wernicke’s territory in the superior temporal gyrus, Broca’s territory in the 
inferior frontal gyrus, and the recently confirmed Geschwind’s  territory in 
the inferior parietal lobule (Catani et al. 2005; Makris et al. 2005). In the 
right hemisphere it participates in visuospatial processing and other 
aspects of language, including affective prosody and semantics (Heilman 
et al. 1975 ; Ross  & Monnot, 2008). Lesions to the right arcuate fasciculus 
impair understanding and production of modulation of pitch, intonation 
contours, melody, cadence, loudness, tempo, stress, accent and pauses 
(Tucker et al. 1977; Bowers et al. 1987). Prosody is used to transmit 
information above and beyond verbal-linguistic intent and to clarify the 
meaning of potentially ambiguous sentences  by the judicious use of 
pauses and stresses (Ross, 2010). Our findings of increased white matter 
in this region could represent the anatomical correlate of some of the 
verbal and non-verbal communication impairments observed in ASD 
(Koning & Magill-Evans, 2001; Shriberg et al. 2001). Recent DTI studies in 
patients with ASD have found abnormal diffusivities in the arcuate 
fasciculus, suggesting that changes in volume detected by VBM studies 
could be accompanied by microstructural abnormalities  of the axonal 
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membranes and/or myelin (Kumar et al. 2009; Fletcher et al. 2010; Knaus 
et al. 2010).
The uncinate fasciculus (Figure 8.2, bottom left) is  a hook-shaped bundle 
that connects the inferior frontal gyrus  and the inferior surfaces of the 
frontal lobe with the anterior portions of the temporal lobe, including the 
cortical nuclei of the amygdala (Ebeling & von Cramon, 1992; Hasan et al. 
2009). It has  traditionally been considered to be part of the limbic system 
and is  known for its involvement in human emotion processing, memory 
and language functions (Schmahmann et al. 2007), all of which are 
impaired in ASD. Our findings of increased white matter in this  regions  are 
thus consistent with a substantial body of evidence from both structural 
(Stanfield et al. 2008) and functional (Baron-Cohen et al. 1999; Monk et al. 
2010) neuroimaging studies implicating the amygdala and related limbic 
structures in ASD. Several DTI studies in patients with ASD have also 
found abnormalities in this fasciculus  (Kumar et al. 2009; Pugliese et al. 
2009). These abnormal limbic circuits may be related to some of the social 
and communication impairments typically found in people with ASD 
(Damasio & Maurer, 1978; Courchesne & Pierce, 2005; Wicke lg ren , 
2005). A recent DTI tractography study found abnormalities  in the uncinate 
fasciculus of adults  with psychopathy (Craig et al. 2009). These 
anatomical changes correlated with the severity of antisocial behavior, 
suggesting that uncinate abnormalities may underpin the neurobiological 
basis of social impairment irrespective of the etiology. Finally, differences 
in the uncinate connections may also account for the much higher 
prevalence of emotional disorders than would be expected in the general 
population, particularly anxiety and mood disorders in ASD (Ghaziuddin & 
Greden, 1998; Ghaziuddin et al. 1998; Gadow et al. 2005). Less is known 
about the inferior fronto-occipital fasciculus (Figure 8.2, top right), although 
it has been suggested that it may also be involved in language as  its 
electrical stimulation induces  semantic paraphasias (i.e. errors with regard 
to the meaning of the word target) (Duffau et al. 2005).
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A small decrease of white matter in the anterior cingulum/corpus callosum 
was also detected, although the jackknife sensitivity analysis  suggested 
that this  may be a less robust finding. Nevertheless, this finding echoes 
some other studies  reporting decreased volume of the anterior cingulum 
and corpus callosum using manual delimitation methods (Haznedar et al. 
1997; Cody et al. 2002; Stanfield et al. 2008) and also DTI methods 
(Alexander et al. 2007; Kumar et al. 2009). The adjacent cingulate cortex 
has a well-documented role in social cognition (Hadland et al. 2003; 
Shinozaki et al. 2007) and has been found to be hypoactivated in patients 
with ASD while performing social tasks (Di Martino et al. 2009).
It is important to emphasize that all but one of the studies included in this 
meta-analysis recruited patients who, on average, had normal IQ. The 
exclusion of the only study that recruited individuals with intellectual 
disability (mental retardation) (Boddaert et al. 2004) from the meta-
analysis did not modify the results. Therefore, our results may only apply 
to individuals with ‘high functioning’ ASD. Whether patients with lower IQs 
will display a different set of volumetric changes remains to be 
investigated.
A major strength of the study is the development of a new white matter 
specific template for SDM. This template was needed to randomly relocate 
the white matter peak coordinates in a white matter template, as using a 
gray matter randomization template to assess differences in white matter 
volumes would be statistically incorrect. We hope that the creation of a 
publicly available database with all the data and methodological details 
from every study included in this meta-analysis (www.sdmproject.com/
database) will facilitate future reviews  and meta-analyses as  the body of 
evidence continues to grow.
There are also several limitations, some of which are inherent to all meta-
analytical approaches. First, voxel-based meta-analyses are based on 
summarized (i.e. coordinates from published studies) rather than raw data 
184
and this may result in less accurate results (Salimi-Khorshidi et al. 2009). 
However, obtaining the raw images from the original studies is  logistically 
difficult. Second, the different studies included in this meta-analysis used 
different statistical thresholds. However, it should be noted that, although 
thresholds involving correction for multiple comparisons are usually 
preferred, the inclusion of studies with more liberal thresholds is still 
statistically correct. Indeed, SDM preprocessing uses the coordinates of 
the voxels with highest differences to approximately recreate the statistical 
parametric map, but does not make assumptions about whether these 
differences were significant or not. Third, although voxelwise meta-
analytical methods  provide excellent control for false-positive results, it is 
more difficult to completely avoid false-negative results (Salimi-Khorshidi 
et al. 2009). Fourth, there are some inherent limitations to the VBM 
method, such as reduced effectiveness to detect spatially complex and 
subtle group differences (Davatzikos, 2004). Fifth, some of the included 
studies reported white matter density rather than volume. It should be 
noted that white matter density might be understood as a type of white 
matter volume that has not been corrected by the distorting effects of the 
normalization to the stereotactic space; therefore, its inclusion in the meta-
analysis is  valid (it is also a ‘volume’) although it may add a source of 
noise. Sixth, there were too few studies to conduct separate sub-analyses 
in children/adolescents and adults with ASD, although our descriptive 
analyses suggested that the results  were similar in these two age groups. 
Because the mean age of the ‘pediatric’ subgroup was 11.0 (3.3) years, 
one remaining question is whether younger patients with ASD may show a 
distinctive pattern of volumetric changes. Indeed, global brain volume 
increases in ASD have been mainly reported in childhood autism and are 
thought to be related to an early acceleration in brain growth (Courchesne 
et al. 2001; Aylward et al 2002; Carper et al. 2002; Hazlett et al. 2005) 
but might not persist into adulthood (Aylward et al. 2002). Finally, a formal 
comparison between the two main subtypes of ASD (i.e. autism and 
Asperger’s  syndrome) was  not possible because of the insufficient number 
of studies. This might be important because some studies have suggested 
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that there may be some differences  in brain structure and function 
between these subtypes (Ghaziuddin et al. 1995;  Ghaziuddin & Mountain-
Kimchi, 2004; Kwon et al. 2004), although this evidence is  still preliminary 
and the distinction remains a matter of debate (Howlin, 2003; Klin et al. 
2005; Volkmar et al. 2009). Even less is known about the neural 
substrates of the miscellaneous pervasive developmental disorder not 
otherwise specified (PDD NOS) category, despite being by far the most 
prevalent (Volkmar et al. 2009).
Taken together, the results from this meta-analysis suggest that patients 
with ASD display increases in white matter volume in specific white matter 
tracts, known to be important for language and social cognition. Whether 
the results apply to individuals  with lower IQ or younger age and whether 
there are meaningful neurobiological differences  between the subtypes of 
ASD remain to be investigated. Similarly, direct comparisons with other 
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TRACTOGRAPHY ANALYSIS OF THE 
CEREBELLAR TRACTS IN ASD
9.1. Introduction
Evidence implicating the cerebellum in the pathophysiology of autism was 
originally put forward by Ornitz et al. in the 1960s and 1970s (Ornitz, 
1985). Their studies showed that autistic children exhibited clinical and 
neurophysiologic deficits  indicative of cerebellar dysfunction (Ciaranello 
and Ciaranello, 1995). Some years later, the role of the cerebellum was 
further suggested by neuropathological studies reporting a reduction of the 
Purkinje cell density in the cerebellar cortex in both children and adults 
from across the autistic spectrum (Bauman and Kemper, 1985; Lee et al., 
2002; Ritvo et al., 1986; Vargas et al., 2005; Williams et al., 1980) (for a 
review see Palmen et al., 2004b). Other neuropathological abnormalities 
of the cerebellum have been described in autism; these include 
cytoplasmatic inclusions  in Purkinje cells  (Bailey et al., 1998), a reduction 
of the number of cells (Kemper and Bauman, 1998) and ectopic grey 
matter (Bailey et al., 1998) in the deep cerebellar nuclei, and an intense 
neuroinflammatory process extending to the cerebellar white matter 
(Vargas et al., 2005).
Reports of structural differences in the cerebellum as determined by 
magnetic resonance imaging have been less  consistent. In some studies 
the midsagittal area of vermis (lobules VI–VII) has been reported to be 
smaller in children with autism (Carper and Courchesne, 2000; 
Courchesne et al., 1994; Kates et al., 1998; Kaufmann et al., 2003). Other 
studies reported the midsagittal area of vermis to be larger (Courchesne et 
al., 1994) or similar to controls in both children (Kleiman et al., 1992; Piven 
et al., 1997) and adults  (Garber and Ritvo, 1992; Piven et al., 1997) with 
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autism. An increase of the total cerebellar volume has also been found in 
both adults and children (but not in very young children aged >35 months 
(Hazlett et al., 2005) with autism (Herbert et al., 2003; Palmen et al., 2005; 
Palmen et al., 2004a; Piven et al., 1997; Sparks  et al., 2002), but this 
enlargement seems to be proportional to the enlargement of the total 
cerebral volume, and not specific to the cerebellum (Palmen et al., 2004a; 
Piven et al., 1997). Volumetric studies of the cerebellum in adults with 
Asperger syndrome found no differences as compared to age matched 
controls (McAlonan et al., 2002). Segmentation studies of the cerebellum 
white matter showed volume reduction in children with autism (Boddaert et 
al., 2004; McAlonan et al., 2005) and adults  with Asperger syndrome 
(McAlonan et al., 2002). Segmentation studies of the cerebellum grey 
matter showed volume reduction in adults with Asperger syndrome (Abell 
et al., 1999; McAlonan et al., 2002) but no differences  in children with 
autism (McAlonan et al., 2005). Preliminary analysis of structural 
“connectivity” found a negative correlation between the volume of frontal 
lobe and cerebellar vermis in children with autism (Carper and 
Courchesne, 2000). There is also evidence of a correlation between 
volumetric differences in cerebellum and brain activation during cognitive 
and motor tasks (Allen and Courchesne, 2003; Allen et al., 2004). Overall 
these studies raise the possibility that people with ASD have abnormalities 
in the development of cerebello-frontal networks but direct in vivo 
anatomical evidence to support this hypothesis is still lacking.
One technique for exploring white matter pathways in vivo is diffusion 
tensor magnetic resonance imaging (DT-MRI) tractography. This is a non-
invasive neuroimaging technique which has been used to reconstruct 
three-dimensional trajectories of white matter tracts (Basser et al., 2000; 
Catani et al., 2002; Conturo et al., 1999; Croxson et al., 2005; Lehericy et 
al., 2004; Mori et al., 2000; Poupon et al., 2000; Rushworth et al., 2006) 
and probe the microstructural integrity of white matter in a wide range of 
conditions including epilepsy (Concha et al., 2005), and schizophrenia 
(Jones et al., 2006). Tractography has also been applied to study 
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cerebellar white matter anatomy in the healthy population (Ramnani et al., 
2006), and in subjects with cerebellar disorders including phenytoin users 
with cerebellar atrophy (Lee et al., 2003), spinocerebellar degeneration 
disease (Taoka et al., 2007) and people with cerebellar congenital 
malformations (Lee et al., 2005). To date, however, the microstructural 
integrity of cerebellar neural systems in people with ASD has not been 
directly investigated in vivo with tractography. We used DT-MRI 
tractography to investigate if people with Asperger syndrome had 
differences in the microstructural integrity of cerebellar white matter and to 
determine whether white matter abnormalities are diffuse to all cerebellar 




Sixteen right-handed male control adults were recruited locally by 
advertisement and 15 right-handed male adults with Asperger syndrome 
were recruited from our clinical autism research program at the Maudsley 
hospital and Institute of Psychiatry — part of the MRC (UK) A.I.M.S. 
network. Volunteers were aged 18–49 years (Asperger group mean age 
31 ± 9 years; control group mean age 35 ± 11; p=0.33) and had an IQ 
within the normal range. There were no significant between-group 
differences in age or full scale IQ (Asperger group 1 0 9 ± 1 7 ; c o n t r o l 
group mean age 120±21; p=0.21). None had a history of major 
psychiatric disorder or medical illness affecting brain function (e.g. 
psychosis  or epilepsy). All had a clinical examination and blood tests to 
exclude biochemical, haematological or chromosomal abnormalities 
(including fragile X syndrome). Co-morbidity was assessed using the Beck 
Depression Inventory (Beck et al., 1961), the Hamilton Depression and 
Anxiety Scales (Hamilton, 1960), and the Yale–Brown Obsessive–
Compulsive Scale (Goodman et al., 1989). After complete description of 
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the study to the subjects, written informed consent was obtained. It is 
important to note that there is clinical heterogeneity within ASD. Individuals 
with childhood autism also have delayed language development, and 
many have varying degrees of mental retardation. In contrast, people with 
Asperger syndrome have no history of language delay and have normal or 
superior intellectual abilities. As we wished to study a non-mentally 
retarded relatively homogenous  sample, we restricted the selection criteria 
to Asperger syndrome; hence the relatively high IQ of our participants. 
Patients were diagnosed by a panel of consultant psychiatrists, using 
International Classification Disease (ICD-10) research criteria for Asperger 
syndrome (F84.5) (WHO, 1993). In addition, we were able to carry out an 
Autism Diagnostic Interview (ADI) (Lord et al., 1994) in 9 individuals who 
had parents willing to undergo additional interviewing. The ADI is a 
structured interview conducted with the parents and it covers  the 
individual's full developmental history. All cases of ASD reached ADI-R 
algorithm cutoff values in the 3 domains of impaired reciprocal social 
interaction, communication, and repetitive behaviors and stereotyped 
patterns, although failure to reach cutoff in one of the domains  by one 
point was permitted. On those that did not have willing informants for the 
ADI, the Autism Diagnostic Observation Schedule (ADOS), a semi-
structured set of observations consisting of various activities that allow 
observation of the individual's social and communication behaviours, was 
collected (Lord et al., 1989). Subjects scored above cut-off in all three 
domains. Assessments were performed by an ADI and ADOS trained 
psychiatric nurse. 
Neuroimaging
MRI of the brain was carried out on GE Signa 1.5 Tesla LX MRI system 
(General Electric, Milwaukee, WI, USA) with 40 mT/m gradients.
Cerebellar volumetric measurements
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A coronal three-dimensional spoiled grass (SPGR) dataset covering the 
whole head was acquired (124 slices, 1.5-mm slice thickness). Manual 
tracing of the intracranial, total brain and cerebellar volumes was 
performed on the SPGR dataset using Measure software (Barta et al., 
1997). Images were realigned along the AC/PC line. The total brain 
volume included the grey and white matter of the cerebral hemispheres. 
The cerebellar volume included the grey and white matter of the 
cerebellum. Both of these measures exclude cerebrospinal fluid. The 
volume of each region was calculated by multiplying the summed pixel 
cross-sectional areas by slice thickness (McAlonan et al., 2002). To control 
for the relationship of total brain (and cerebellar volume) to head size, 
volumes were normalized as a percentage of traced intracranial volume, 
and analyses were performed on both normalized and raw volumes. The 
intracranial volume measure included all brain tissue and CSF within the 
dura matter. All image analysis  was carried out blind to subject status. 
Inter and intra-rater reliabilities  for the three regions of interest were 
determined on a dataset of 10 images (McAlonan et al., 2002). Reliability 
was confirmed by calculating correlation coefficient which was highly 
significant for each region (N 0.90) (Bartko and Carpenter, 1976).
DTI acquisition
Data were acquired using an acquisition sequence fully optimised for 
diffusion tensor magnetic resonance imaging of white matter, providing 
isotropic resolution (2.5mm ×2.5mm ×2.5 mm) and coverage of the whole 
head (Jones et al., 2002). The acquisition was gated to the cardiac cycle 
using a peripheral gating device placed on the subjects' forefinger. 
Following correction for image distortions introduced by the application of 
the diffusion encoding gradients (Catani et al., 2002), the diffusion tensor 
was determined in each voxel following the method of Basser et al. (1994). 
The operator was also blind to the diagnosis.
Tract reconstructions
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The trajectories of the cerebellar network system were reconstructed using 
a two regions of interest (ROIs) approach similar to the method we 
previously adopted for dissecting other white matter tracts (Figure 9.1) 
(Catani et al., 2002, 2007). 
Figure 9.1. Tractography reconstruction of the cerebellar pathways and 
delineation of the regions of interest (ROIs). The two main cerebellar 
afferent pathways are the spino-cerebellar tract (yellow), which enters the 
cerebellum through the inferior cerebellar peduncle, and the cortico-ponto-
cerebellar tract (red), which enters the cerebellum through the middle 
cerebellar peduncle. Short intracerebellar connections  (cyan) represent 
the local cerebellar circuitry, whereas the superior cerebellar peduncles 
(green) represent the major cerebellar output. For the analysis  of the 
cortico-ponto-cerebellar tract we measured all streamlines passing 
through the ROI around the cerebral peduncle (a) and the ROI around the 
controlateral middle cerebellar peduncle (b). For the analysis  of the spino-
cerebellar tract we measured all fibres  passing through the ROI around 
the deep cerebellar nuclei (c) and the ROI around the ipsilateral inferior 
cerebellar peduncle (d). For the analysis of the superior cerebellar 
peduncle we measured the fibres passing though the ROI around the 
deep cerebellar nuclei (c) and the central part of the ipsilateral superior 
cerebellar peduncle (e). To dissect the short intracerebellar connections a 
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large ROI was defined around each cerebellar hemisphere across different 
axial slices (1–6) covering the entire cerebellar volume (here only six ROIs 
defined on the right side are shown). To eliminate the long cerebellar 
connections from the analysis of the short intracerebellar connections, all 
streamlines passing through the ROIs outside the cerebellum (A to E) 
were excluded.
Two types of connections were dissected and analysed: i) short 
intracerebellar connections, which include mainly the cortico-cortical 
parallel fibres and cortico-subcortical (Purkinje fibres) connections; ii) long 
afferent (i.e. cortico-ponto-cerebellar and spino-cerebellar tracts) and 
efferent (superior cerebellar tracts) connections. To isolate and measure 
the microstructural integrity of the short intracerebellar connections we first 
defined a region of interest around the cerebellar cortex and its underlying 
white matter through multiple axial slices. Because this ROI contains not 
only intracerebellar fibres but also fibres  entering and leaving the 
cerebellum, multiple ROIs, placed outside the cerebellum, were employed 
to identify the long cerebellar pathways and exclude them from the 
analysis. This allowed retaining only the intracerebellar connections.
To isolate the superior cerebellar peduncle (main cerebellar output tract) 
we defined the first ROI around the deep cerebellar nuclei (where all fibres 
of the superior cerebellar peduncle originate from) and a second ROI 
around the central part of the superior cerebellar peduncle. Similarly for 
the dissection of the spino-cerebellar tract the first ROI was defined 
around the deep cerebellar nuclei, and the second ROI around the central 
part of the inferior cerebellar peduncle. Finally for the dissection of the 
cortico-ponto- cerebellar tracts the first ROI was defined around the middle 
cerebellar peduncle and the second ROI around the contralateral cerebral 
peduncle.
At the termination of tracking, the mean diffusivity and the fractional 
anisotropy–a measure which quantifies the directionality of diffusion on a 
scale from zero (when diffusion is totally random), to one (when water 
molecules are able to diffuse along one direction only)–were sampled at 
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regular (0.5 mm) intervals  along the tract (facilitated by the B-spline 
continuous tensor field approximation) (Catani et al., 2002) and the means 
computed (Jones et al., 2006). We terminated the fibre tracking when the 
fractional anisotropy fell below an arbitrary threshold of 0.15. To ensure 
high reproducibility and inter-rater reliability, MC, an expert tractographer, 
defined all ROIs on an average brain template. The template was then 
used to define the ROIs in the single subjects by a second operator (NE) 
who was blind to subject group status. Furthermore MC draw ROIs for a 
randomly selected sample of the study (8 for each group), and inter-rater 
reliability was determined for all tracts (N 0.9; p b 0.001). This is in 
agreement with other studies showing similar values of reliability for 
deterministic tractography (Wakana et al., 2007). For each tract, the 
trajectory obtained was checked to ensure consistency with 
neuroanatomical atlases.
Statistical analysis
Statistical comparisons of the data were performed using SPSS software 
(SPSS Inc, Chicago, Ill). Repeated measures analysis  was used with 
location (four locations corresponding to the four tracts) and side (left or 
right) as within subjects factors, with diagnosis as the between subjects 
factor. The same analysis  was repeated after co-varying for age, IQ, total 
brain, left and right hemisphere, and cerebellar volumes (using both 
normalized and raw volumes). Student's t-test (two-tailed) for independent 
samples was used in post-hoc analyses to investigate tract-specific mean 
group differences. An exploratory correlation analysis (Pearsons) was 
performed between ADI scores and fractional anisotropy and mean 
diffusivity measurements. Only statistically significant correlations after 




There were no differences in the bulk volume of the cerebellum between 
the Asperger syndrome group (raw volume 141±14 ml; as % of intracranial 
volume 9.8±1 ml) and controls (raw volume 139±18 ml; as % of 
intracranial volume 9.8±1.1 ml) (p=0.71 and 0.93, respectively). Similarly, 
no differences were found in the total brain volume between the Asperger 
syndrome group (raw volume 1122±108 ml; as % of intracranial volume 
76.5±3.2 ml) and controls (raw volume 1108±161 ml; as % of intracranial 
volume 78.1±3.7 ml) (p=0.78 and 0.25, respectively).
Mean diffusivity measures
No significant differences  were found in the mean diffusivity values 
between the two groups [group effect F(1,27) = 0.313; p=0.580] (Table 
9.1).
Fractional anisotropy measures
A significant group effect [F(1,27) = 12.723; p = 0 . 0 0 1 ] f o u n d , w i t h 
cerebellar fractional anisotropy values being reduced in the Asperger 
syndrome group (0.446±0.072) compared to controls (0.461±0.089). The 
difference remained significant after co-varying for age, IQ and total 
cerebral and cerebellar volume. There was also a significant group-by-
hemisphere interaction [Hotelling's Trace, F(1,27)=14.517; p=0.001], 
group-by-location interaction [Hotelling's Trace, F(3,25) = 4.376; p = 0.013] 
and group-by-hemisphere-by-location interaction [Hotelling's Trace, F
(3,25) = 7.983; p=0.001]. No group-by-age interaction was found.
Post-hoc comparisons of tract-specific measures revealed a highly 
significant reduction of fractional anisotropy in the right superior cerebellar 
peduncle (p<0.001) and in the right short intracerebellar fibres(p<0.001) in 
people with Asperger syndrome as compared to controls, with a trend 
towards a significant difference in the left short intracerebellar fibres (p = 
0.057) (Table 9.1, Figure 9.2).
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Exploratory correlation analysis between ADI scores and fractional 
anisotropy measurements revealed a significant negative correlation 
(Pearson's correlation -0.802) between the ADI-social domain score and 
fractional anisotropy values of the left superior cerebellar peduncle ( p = 
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co-varying for age, IQ, total brain, left and right hemisphere, and
cerebellar volumes (using both normalized and raw volumes).
Student's t-test (two-tailed) for independent samples was used in
post-hoc analyses to investigate tract-specific mean group differ-
ences. An exploratory correlation analysis (Pearsons) was per-
formed between ADI scores and fractional anisotropy and mean
diffusivity measurements. Only statistically significant correlations
after correction formultiple comparisons (Bonferroni) are presented.
Results
Volumetric measures
There were no differences in the bulk volume of the cerebellum
between the Asperger syndrome group (raw volume 141±14 ml; as
% of intracranial volume 9.8±1 ml) and controls (raw volume 139±
18 ml; as % of intracranial volume 9.8±1.1 ml) (p=0.71 and 0.93,
respectively). Similarly, no differences were found in the total brain
volume between the Asperger syndrome group (raw volume 1122±
108 ml; as % of intracranial volume 76.5±3.2 ml) and controls (raw
volume 1108±161 ml; as % of intracranial volume 78.1±3.7 ml)
(p=0.78 and 0.25, respectively).
Mean diffusivity measures
No significant differences were found in the mean diffusivity
values between the two groups [group effect F(1,27)=0.313;
p=0.580] (Table 1).
Fractional anisotropy measures
A significant group effect [F(1,27)=12.723; p=0.001] was
found, with cerebellar fractional anisotropy values being reduced in
the Asperger syndrome group (0.446±0.072) compared to controls
(0.461±0.089). The difference remained significant after co-varying
for age, IQ and total cerebral and cerebellar volume. There was
also a significant group-by-hemisphere interaction [Hotelling's
Trace, F(1,27)=14.517; p=0.001], group-by-location interaction
[Hotelling's Trace, F(3,25)=4.376; p=0.013] and group-by-hemi-
sphe e-by-loc tion interaction [Hotelling's Trace, F(3,25)=7.983;
p=0.001]. No group-by-age interaction was found.
Post-hoc comparisons of tract-specific measures revealed a
highly significant reduction of fractional anisotropy in the right
superior cerebellar peduncle (pb0.001) and in the right short intra-
cerebellar fibres (pb0.001) in people with Asperger syndrome as
compared to controls, with a trend towards a significant difference in
the left short intracerebellar fibres (p=0.057) (Table 1, Fig. 2).
Exploratory correlation analysis between ADI scores and frac-
tional anisotropy measurements revealed a significant negative
correlation (Pearson's correlation 0.802) between the ADI-social
domain score and fractional anisotropy values of the left superior
cerebellar peduncle (p=0.036, corrected). We found no correlation
between ADI scores and mean diffusivity measurements.
Discussion
DT-MRI tractography is the only technique that allows the
identification of large pathways and assessment of microstructural
integrity of white matter in the living human brain (Le Bihan, 2003).
Hence, on the basis of previous in vivo neuroradiological and post-
mortem findings in people with ASD, we used DT-MRI tracto-
graphy to determine if people with Asperger syndrome had
differences in the microstructural integrity of intracerebellar path-
ways and specific alterations in the long cerebellar connections.
Barnea-Goraly et al. (2004) reported that children and adolescent
with autism have reduced fractional anisotropy in the association
white matter tracts of both cerebral hemispheres; more recently
Alexander et al. (2007), reported diffusion abnormalities in the
corpus callosum. Our study suggests that white matter involvement
in Asperger syndrome is not limited to the cerebral hemispheres but
extends to the cerebellum, and affects specific pathways. It is
unlikely that these findings can simply be explained by volumetric
differences, as we found, similarly to previous studies (Courchesne
et al., 1999; McAlonan et al., 2002), no differences between the
Asperger and the control group in the bulk volume of the total brain
or the cerebellum.
There is uncertainty about the relationship between measure-
ments obtained using tractography (e.g., fractional anisotropy) and
underlying biological factors (e.g., number of axons, degree of
myelination, volume of tracts, etc.). Hence, it is difficult to
determine the exact pathological changes underpinning the reduc-
tion in fractional anisotropy we found. Nevertheless, others have
reported that people with autism have a significant reduction in
cerebellar neuronal density as assessed using in vivo magnetic
resonance spectroscopy (Otsuka et al., 1999) and intense microglial
activation, in cerebellar white matter at post-mortem (Vargas et al.,
2005). As fractional anisotropy signal reflects the microanatomical
characteristics of axonal fibres and is also modulated by the degree
of myelination (Beaulieu, 2002), the reduced cerebellar fractional
anisotropy we found may reflect differences in axonal maturation
and/or myelination in Asperger syndrome.
Also, fractional anisotropy of white matter tracts increases with
age during childhood and adolescence (Barnea-Goraly et al., 2005;
Neil et al., 2002; Snook et al., 2005). Although there are no data on
the age-related changes in fractional anisotropy for the cerebellar
tracts, it is possible that reduced fractional anisotropy in people with
Asperger syndrome may reflect altered maturation of cerebellar white
matter during early stages of brain development. However, we only
studied adults, and so future studies including children are required to
examine differences in cerebellar maturation across the lifespan.
In this study we did not find differences in the mean diffusivity of
the cerebellar tracts of subjects with Asperger syndrome. In many
DT-MRI studies of brain diseases, there is an elevation of the mean
diffusivity concomitant with a decrease in diffusion anisotropy
(Horsfield and Jones, 2002). In degenerative diseases, it may be that
Table 1
Values of cerebellar tract-specific measurements
Controls Asperger group P values
FA MD FA MD FA MD
ICP left 0.47(0.02) 0.85(0.07) 0.45(0.04) 0.85(0.08) 0.23 0.99
ICP right 0.47(0.03) 0.81(0.07) 0.45(0.02) 0.84(0.05) 0.12 0.22
SCP left 0.46(0.02) 0.80(0.04) 0.46(0.02) 0.81(0.06) 0.96 0.63
SCP right 0.52(0.03) 0.79(0.04) 0.45(0.01) 0.80(0.04) b0.001 0.56
CPC left 0.54(0.03) 0.70(0.03) 0.53(0.03) 0.70(0.03) 0.47 0.77
CPC right 0.53(0.01) 0.70(0.02) 0.53(0.03) 0.71(0.03) 0.99 0.10
SIF left 0.34(0.02) 0.72(0.02) 0.33(0.02) 0.72(0.03) 0.057 0.83
SIF right 0.36(0.02) 0.75(0.02) 0.31(0.01) 0.75(0.03) b0.001 0.89
FA, fractional anisotropy; MD, mean diffusivity; ICP, inferior cerebellar
peduncle; SCP, superior cerebellar peduncle; CPC, cortico-ponto-cerebellar
tract; SIF, short intracerebellar fibres.
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Figure 9.2. Tract-specific measurements of fractional anisotropy for short 
and long cerebellar pathways. A) Compared to controls the Asperger 
syndrome group shows lower fractional anisotropy values in the right short 
intracerebellar connections († p < 0.001), with a trend towards significant 
difference in the left short intracerebellar connections (⁎ p=0.057). B) 
Reduced fractional anisotropy values in the short intracerebellar 
connections are likely to reflect changes in the parallel fibres (dotted cyan 
fibres) and Purkinje axons (dotted dark cyan lines) (PC, Purkinje cells; GC, 
granule cells). C) Detail of the tractography reconstruction of the parallel 
and Purkinje fibres. D) Overall the Asperger syndrome group shows 
reduced fractional anisotropy values in the long cerebellar pathways with 
significant differences in the right superior cerebellar peduncle (scp) (†p b 
0.001) compared to controls. No post-hoc differences were found in the 
cortico-ponto-cerebellar tracts (cpc) and inferior cerebellar peduncles  (icp). 
E) Overall these results  suggest a specific involvement of the main 
cerebellar outflow tract within the cerebello-thalamic network and 
intracerebellar connections (dotted lines indicate affected pathways) (cpc, 




DT-MRI tractography is the only technique that allows the identification of 
large pathways and assessment of microstructural integrity of white matter 
in the living human brain (Le Bihan, 2003). Hence, on the basis of 
previous in vivo neuroradiological and post-mortem findings in people with 
ASD, we used DT-MRI tractography to determine if people with Asperger 
syndrome had differences in the microstructural integrity of intracerebellar 
pathways and specific alterations in the long cerebellar connections. 
Barnea-Goraly et al. (2004) reported that children and adolescents with 
autism have reduced fractional anisotropy in the association white matter 
tracts of both cerebral hemispheres; more recently Alexander et al. (2007), 
reported diffusion abnormalities in the corpus callosum. Our study 
suggests that white matter involvement in Asperger syndrome is not 
limited to the cerebral hemispheres but extends  to the cerebellum, and 
affects specific pathways. It is unlikely that these findings can simply be 
explained by volumetric differences, as we found, similarly to previous 
studies (Courchesne et al., 1999; McAlonan et al., 2002), no differences 
between the Asperger and the control group in the bulk volume of the total 
brain or the cerebellum.
There is uncertainty about the relationship between measurements 
obtained using tractography (e.g., fractional anisotropy) and underlying 
biological factors (e.g., number of axons, degree of myelination, volume of 
tracts, etc.). Hence, it is difficult to determine the exact pathological 
changes underpinning the reduction in fractional anisotropy we found. 
Nevertheless, others have reported that people with autism have a 
significant reduction in cerebellar neuronal density as  assessed using in 
vivo magnetic resonance spectroscopy (Otsuka et al., 1999) and intense 
microglial activation, in cerebellar white matter at post-mortem (Vargas et 
al., 2005). As fractional anisotropy signal reflects the microanatomical 
characteristics  of axonal fibres and is also modulated by the degree of 
myelination (Beaulieu, 2002), the reduced cerebellar fractional anisotropy 
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we found may reflect differences  in axonal maturation and/or myelination 
in Asperger syndrome.
Also, fractional anisotropy of white matter tracts increases with age during 
childhood and adolescence (Barnea-Goraly et al., 2005; Neil et al., 2002; 
Snook et al., 2005). Although there are no data on the age-related 
changes in fractional anisotropy for the cerebellar tracts, it is  possible that 
reduced fractional anisotropy in people with Asperger syndrome may 
reflect altered maturation of cerebellar white matter during early stages of 
brain development. However, we only studied adults, and so future studies 
including children are required to examine differences in cerebellar 
maturation across the lifespan.
In this study we did not find differences in the mean diffusivity of the 
cerebellar tracts of subjects with Asperger syndrome. In many DT-MRI 
studies of brain diseases, there is an elevation of the mean diffusivity 
concomitant with a decrease in diffusion anisotropy (Horsfield and Jones, 
2002). In degenerative diseases, it may be that the integrity of the axonal 
membrane, or the myelin sheath, is  compromised leading to an increase in 
the diffusivity across the fibre and thus a reduction in anisotropy and 
increase in mean diffusivity. Although this pattern of reduced anisotropy/
elevated mean diffusivity is  commonly seen in a range of studies in the 
literature, one should not always expect to see the same pattern of 
diffusion change.
In the current study, we observed that cerebellar connections in people 
with Asperger syndrome have a lower fractional anisotropy than in 
controls, in the absence of a significant group effect on mean diffusivity. 
Asperger syndrome is a developmental disorder and, as such, any group 
differences that are seen in anisotropy are likely to have developed during 
the early maturation of the brain. If this is the case, for there to be a 
dissociation of the mean diffusivity from the anisotropy measures, 
maturational changes in anisotropy would be independent of changes in 
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mean diffusivity. In the adult healthy brain, and in the b-value range 
employed in the current study, anisotropy and mean diffusivity appear to 
be independent, i.e., the mean diffusivity is uniform across all brain 
parenchyma irrespective of the anisotropy (Pierpaoli et al., 1996). There is 
no a priori reason to assume that the same is  not also true in adults with 
Asperger syndrome. Hence, in both healthy controls and people with 
Asperger syndrome differences  may be found in fractional anisotropy, 
which are not necessarily accompanied by those in mean diffusivity. 
However, if in Asperger syndrome important inflammatory and 
neurodegenerative processes take place, one could expect changes in 
both fractional anisotropy and mean diffusivity due to breakdown in 
neuronal membranes.
The finding of greater involvement of intracerebellar circuitry and the main 
cerebellar outflow pathway in people with Asperger syndrome is 
suggestive of pathological changes within a specific subpopulation of 
neurons/axons. Although the local intracerebellar circuitry is composed of 
at least five subgroups of neuronal populations (i.e. granule cells, Purkinje 
cells, basket cells, Golgi cells, stellate cells), only the parallel fibres from 
the granule cells and the Purkinje projections have a relatively long course 
(parallel fibres 6 mm, Purkinje even longer) and a parallel distribution (in 
discrete large bundles) (Voogd, 2003). These anatomical features 
facilitates their in vivo visualisation with diffusion tensor tractography (Fig. 
9.2C), and the reduced fractional anisotropy we found in the short 
intracerebellar fibres  is likely to mainly reflect the microstructural 
organization of these two subgroups of fibres (more likely the Purkinje 
ones as the parallel fibres are largely unmyelinated). However, although 
we tried to exclude from the analysis of the intracerebellar fibres long 
range afferent and efferent fibres  using a two-ROI approach, we cannot 
completely rule out the possibility that our measurement of FA in the 
intracerebellar fibres included a contribution from mossy or climbing fibres.
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Our results are in keeping with pathological post-mortem findings. Studies 
in both children and adults from across the autistic spectrum have 
reported a reduction in Purkinje cell density of the cerebellar cortex 
(Kemper and Bauman, 1998; Palmen et al., 2004b; Vargas et al., 2005; 
Williams et al., 1980). Also the number of deep cerebellar nuclei cells is 
reduced in autism (Kemper and Bauman, 1998), and intense cerebellar 
neuroinflammatory process extending to white matter has been recently 
documented (Vargas et al., 2005). Thus, while fractional anisotropy 
differences in the short intracerebellar fibres may be related to depletion of 
Purkinje cells, reduced fractional anisotropy in the fibres  of the superior 
cerebellar peduncle may be related to pathology in dentate nuclei cells 
(either a primary pathology of the dentate nuclei or from the 
deafferentation of Purkinje axons). Any pathological process affecting the 
network formed by the parallel fibres, the Purkinje projections  and the 
superior cerebellar peduncles, is likely to cause significant cerebellar 
dysfunction. For example, this network is the central computational circuit 
of the cerebellum which coordinates peripheral inputs from ascending 
pathways and inputs from collateral descending pathways; these, 
respectively, provide information about the execution of a movement and 
commands resulting in movements (Voogd, 2003). This general 
computational role of the cerebellum not only allows a fine tuning of 
movements during motor execution (Roitman et al., 2005) but it is also 
central to motor learning and other non-motor functions (Middleton and 
Strick, 2001; Muller et al., 1998; Ramnani et al., 2006; Schmahmann and 
Sherman, 1998). For example, the medial frontal cortex and the temporo-
parietal junction area, which have been found to have reduced activation 
in Asperger subjects during mentalizing tasks (Castelli et al., 2002), 
represent two of the major projection areas of cerebellar efferent output 
(via the thalamus) (Clower et al., 2005; Clower et al., 2001; Middleton and 
Strick, 2001). Our finding of a significant reduction in fractional anisotropy 
of the superior cerebellar peduncle, but not incoming cerebellar 
projections from the contralateral hemisphere (cortico-ponto-cerebellar 
tracts), suggests that any putative dysfunction within the cerebellar-
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thalamo-cortical network may be most related to pathology of cerebellar 
outflow.
This  is  not to say that white matter abnormalities  are localised only in the 
cerebellum. Many studies have documented white matter changes in the 
cerebral hemispheres  of subjects with autism (Courchesne et al., 2001; 
Hazlett et al., 2005; Herbert et al., 2003) and Asperger syndrome 
(McAlonan et al., 2002) throughout the lifespan (for a recent review see 
Amaral et al., 2008). Herbert et al. were able to segment different portions 
of the cerebral white matter and showed enlargement of the regions 
containing association tracts  (in particular that of the frontal lobes) but no 
differences in the most internal regions containing mainly projection fibres. 
These results are consistent with our findings of intact projection fibres of 
the cortico-ponto-cerbellar tracts.
The clinical correlates of a cerebello-thalamo-cortico network dysfunction 
in ASD are not known. Verbal working memory tasks activate cerebellar 
lobule VII in normal subjects (Hayter et al., 2007). In children with autism, 
attention deficits related to cerebellar pathology have been demonstrated 
(Harris et al., 1999) and confirmed by fMRI studies  showing reduced 
cerebellar activation in autistic adolescents  and adults performing attention 
tasks (Allen and Courchesne, 2003). An exploratory analysis of our data 
found preliminary evidence for an association between the microstructural 
integrity of the left superior cerebellar tract and social behaviour as 
assessed by the ADI. This  is an apparently surprising finding as the major 
differences were found in the cerebellar fibres of the opposite hemisphere. 
However the maturation of the cerebellar networks is a dynamic process 
where changes to one tract are likely to affect the whole circuit, including 
the contralateral side (e.g. arguably through plasticity mechanisms). But 
these findings need to be confirmed in a larger population.
Our study had the limitation of being cross-sectional, restricted to 
individuals with Asperger syndrome, and did not include children. Hence, it 
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is  unknown whether our findings generalize across the entire autism 
spectrum, and/or if they change with age, but in more severe autistic 
subgroups greater alterations are more likely to occur. Moreover we were 
unable to obtain ADI scores in all subjects, as their parents were either 
unwilling or unable to take part in the interview. However diagnosis was 
confirmed in these subjects  by both clinical interview using research 
diagnostic criteria and the ADOS. Also when we restricted our analysis 
only to those in whom we had ADI scores, our results  remained 
unchanged. Finally it is possible that cerebellar changes have a distant 
effect on other white matter regions of the brain and that clinical symptoms 
correlates with changes in these extracerebellar networks. This  is a 
hypothesis that we did not explore in this study but that will be addressed 
in a future study.
In conclusion, adults  with Asperger syndrome have significant differences 
from controls  in the intracerebellar neural circuitry, and the main cerebellar 
outflow (but not input) tracts. This may result from damage to specific cell 
populations and nuclei; and the dysfunction reported by others within the 
cerebellar–frontal network may be related to a primary pathology of the 
cerebellum. Further, and larger, studies including children are required to 
confirm the relationship between cerebellar pathology and behavioural 
impairment in ASD and the diagnostic utility of DTI-tractography.
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CHAPTER 10
TRACTOGRAPHY ANALYSIS OF THE LIMBIC 
TRACTS IN ASD
10.1. Introduction
It has been suggested that some of the social and communication 
abnormalities typically found in people with ASD are secondary (Damasio 
and Maurer, 1978) to abnormalities in limbic structures, and perhaps also 
in their connectivity (Courchesne and Pierce, 2005b; Wickelgren, 2005).
The limbic system of the human brain is crucially involved in emotion, 
motivation and social behaviour. Limbic structures  such as the cingulate 
and orbitofrontal cortex contribute to the development of self-awareness 
and the capacity to understand the intensions of others  (Mega et al., 1997; 
Mundy, 2003). Other limbic structures, such as amygdala and 
hippocampus, are important for the storage of memory associated with 
emotional events, emotional processing of visual cues, and face 
perception (Cabeza and Nyberg, 2000; Kanwisher et al., 1997). Many of 
these cognitive/social functions attributed to the limbic system are affected 
in people with ASD.
Several lines of evidence suggest that people with ASD have differences 
in the anatomy of limbic regions. For example, early post-mortem 
investigations of both adults and children with autism reported reduced 
neuronal size and increased cell packing in the hippocampus, amygdala 
and to a lesser degree in the enthorinal cortex, mammillary bodies and 
septal nuclei (Bauman and Kemper, 1985; Bauman and Kemper, 2005; 
Palmen et al., 2004; Raymond et al., 1996). Moreover, recent in vivo 
voxel-based morphometry (VBM) studies reported significant differences 
in the anatomy of limbic regions, but with contrasting results with respect 
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to the white matter compartment (Barnea-Goraly et al., 2004; Boddaert et 
al., 2004; Herbert et al., 2003; Kwon et al., 2004; Lee et al., 2007, 2009; 
McAlonan et al., 2005; Salmond et al., 2005). For example, several groups 
reported decreased gray and white matter volumes in the inferior temporal 
regions and fusiform gyrus  in both autism and Asperger syndrome in 
young adults  (Boddaert et al., 2004; Kwon et al., 2004; McAlonan et al., 
2005; Salmond et al., 2005). Herbert et al. also reported decreased gray 
matter volume in the same regions in young people with autism but 
increased white matter volume in regions containing limbic pathways 
(Herbert et al., 2004). White matter differences have also been reported in 
a recent voxel-based DTI study, which found that children with autism 
have significant microstructural differences (e.g. reduced fractional 
anisotropy) in the anterior cingulum and medial temporal lobe (Barnea-
Goraly et al., 2004).
These studies were valuable first steps, however they measured regional 
differences in the anatomy of gray and/or white matter and did not address 
the pathology of specific limbic white matter tracts. Hence, evidence for an 
involvement of specific connections within the limbic system is still lacking. 
A technique that (in part) overcomes the limitations  of VBM approaches is 
tractography applied to diffusion tensor magnetic resonance imaging (DT-
MRI) datasets (Catani, 2006; Kanaan et al., 2006). DTI-tractography is the 
only technique that allows the simultaneous quantification of the white 
matter volume and microstructural integrity within specific tracts in the 
living human brain (Le Bihan, 2003). DTI-tractography has been used to 
perform virtual white matter dissection of the major limbic tracts  in healthy 
brains (Basser et al., 2000; Beckmann et al., 2009; Behrens et al., 2003; 
Catani et al., 2002; Conturo et al., 1999; Mori et al., 2000) and in different 
neurological and psychiatric conditions (Ashtari et al., 2007; Ciccarelli et 
al., 2008; Concha et al., 2005; Gutman et al., 2009; Johansen-Berg et al., 
2008; Jones et al., 2006; Kubicki et al., 2008; Price et al., 2008; 
Schneiderman et al., 2009; Widjaja and Raybaud, 2008).
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In chapter 9 we applied DTI-tractography to study the anatomy of the 
cerebellar connections in adults with Asperger syndrome (Catani et al., 
2008). However, to the best of my knowledge, tractography has  never 
been applied before to study the anatomy and maturation of white matter 
pathways of the limbic system in ASD. Hence, in this study we used DTI-
tractography to measure the volume and microstructural integrity of the 
major limbic tracts (uncinate, cingulum and fornix) in adults with Asperger 
syndrome and healthy controls. We also extended the analysis  to other 
pathways connecting sensory areas to limbic regions  (inferior longitudinal 
fasciculus and inferior frontal occipital fasciculus) for which there is indirect 
evidence of structural abnormalities in autism (Kleinhans et al., 2008; 
Pierce et al., 2001; Schultz et al., 2003; Wong et al., 2008). Finally we 
explored correlations between age and diffusivity properties along the 
dissected tracts to identify possible differences in maturational trajectories.
10.2 Methods
Subject recruitment
We included twenty-four right-handed males with Asperger syndrome 
(aged 9-54 years; mean age 23±12 years) and forty-two healthy control 
males (range 9–54 mean age 25±10 years). People with Asperger 
syndrome were recruited from our clinical research program at the 
Maudsley Hospital and Institute of Psychiatry — part of the MRC (UK) 
A.I.M.S. network; whereas controls were recruited locally by 
advertisement. None had a history of head injury, major psychiatric 
disorder or medical illness affecting brain function (e.g. psychosis  or 
seizures). All had routine blood tests and a clinical examination to rule out 
biochemical and hematological abnormalities, or genetic disorders that 
may be associated with ASD (including fragile X syndrome).
Comorbidity was assessed using the Beck Depression Inventory (Beck 
et al., 1961), the Hamilton Depression and Anxiety Scales (Hamilton, 
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1960), and the Yale-Brawn Obsessive– Compulsive Scale (Goodman et 
al., 1989). No participant was taking medication for psychiatric disorder. 
After complete description of the study, written informed consent was 
obtained.
Patients were diagnosed by ADI and ADOS trained psychiatrists using 
International Classification of the Disease (ICD-10) research criteria. All 
patients fulfilled criteria for autism (F84.0) but without a history of language 
delay and so were classified as having Asperger syndrome (F84.5) (WHO, 
1993). In addition, the Autism Diagnostic Interview (ADI) (Lord et al., 1994) 
was obtained in 18 people whose parents were available/willing to 
undergo additional interviewing. The ADI is a semi-structured clinical 
review that focuses on behaviours within the three domains that 
characterize the core features of autism. We carried out the Autism 
Diagnostic Observation Schedule (ADOS) (Lord et al., 1989) in people 
whose parents were unavailable or unwilling to undertake the ADI. The 
ADOS is  a semi-structured evaluation for assessing social and 
communicative behaviours, through the observation of patients' behaviour.
All subjects underwent assessment of general intellectual functioning 
using the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 
1999), a 4-subtest IQ measure was administered. The subscale's 
‘similarities’, ‘vocabulary’, ‘block design’ and ‘matrix reasoning’ were used 
to derive verbal, performance and full-scale IQ. These measures are age-
standardised.
Image acquisition
A coronal three-dimensional spoiled gradient (SPGR) dataset covering the 
whole head was acquired. The parameters were: TR = 13.8 ms, TE = 2.8 
ms, voxel resolution 256 × 256, field of view 220 mm, 124 slices, 1.5 mm 
slice thickness for the whole brain volumetric measurements. For the DTI 
analysis, a multislice echo-planar imaging (EPI) acquisition sequence, fully 
optimized for DT-MRI of white matter was used, providing isotropic 
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resolution (2.5 mm x 2.5 mm x 2.5 mm) with a field of view 240 mm×240 
mm and coverage of the whole brain (echo time 107 ms, repetition time 15 
R–R intervals, b-value 1300 s/mm2). The acquisition was gated to the 
cardiac cycle using a peripheral gating device placed on the subjects' 
forefinger. A more detailed description of the acquisition protocol is 
reported in Jones et al. (2002).
Whole brain volumetric measurements
Manual tracing of intracranial volume (all brain tissue and cerebrospinal 
fluid within the dura mater) and total brain volume (all brain tissue but 
cerebrospinal fluid excluded) was performed on SPGR images using 
Measure software (Barta et al., 1997). Images were realigned along the 
anterior and posterior commissure line (AC/PC line) and volumes 
calculated by multiplying the summed pixel cross-sectional areas by slice 
thickness. To control for the relationship of total brain size to head size, 
volumes were normalized as a percentage of traced intracranial volume, 
and analyses were performed on both normalized and raw volumes. All 
the analysis was carried out blind to subject status and inter- and intra-
rater reliabilities determined on a dataset of 10 images (N .90) (Bartko and 
Carpenter, 1976; McAlonan et al., 2002).
DTI processing and tractography algorithm
Following correction for the image distortions introduced by the application 
of the diffusion encoding gradients, the diffusion tensor was determined in 
each voxel following the method of Basser et al. (1994). Following 
diagonalization of the diffusion tensor, the fractional anisotropy (FA), which 
quantifies the directionality of the diffusion on a scale from zero (when the 
diffusion is totally random) to one (when the water molecule are able to 
diffuse along one direction only) (Basser and Pierpaoli, 1996), was 
estimated in each voxel.
Diffusion tensor data were processed according to the procedure originally 
described by Basser et al. (2000). Briefly a continuous description of the 
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diffusion tensor field was  derived from the voxel-wise discrete estimates 
by B-spline fitting a series of basis functions to the elements  of the tensor 
matrices (Basser et al., 2000). This procedure allows rapid evaluation of 
the diffusion tensor at any arbitrary location within the imaged volume, and 
permits also smoothing of the tensor field. A set of locations for the 
initiation of the tracking algorithm, (referred to here as ‘seed-points’), was 
first selected on the fractional anisotropy images. At the time of the 
analysis the operator was  completely blind to subject status and 
additionally the brain hemispheres were flipped as further precaution. For 
each seed-point, the diffusion tensor was estimated to determine the 
principal eigenvector. The tracking algorithm then moved a distance of 0.5 
mm along this direction. The diffusion tensor at this new location was 
determined from the continuous description of the tensor field and its 
orientation, of its principal eigenvector, was estimated. The tracking 
algorithm then moved further 0.5 mm along this  new direction. A pathway 
was traced out in this manner until the fractional anisotropy of the tensor 
fell below a fixed arbitrary threshold (set to 0.2). A three-dimensional 
representation of the pathways was then generated by a set of stream 
tubes, to connect up the points, using MATLAB (Catani et al., 2002). 
Further details can be found in previously published papers (Basser et al., 
2000; Catani et al., 2002; Jones et al., 2002).
Virtual dissections of the limbic tracts
We performed virtual dissections of the three major limbic pathways: i) the 
cingulum; ii) the uncinate fasciculus; iii) the fornix (Catani and Thiebaut de 
Schotten, 2008). In addition we dissected the inferior longitudinal 
fasciculus and the inferior frontal occipital fasciculus to extend the analysis 
to pathways  that connect limbic structures to visual and auditory 
associative areas (Figure 10.1). Other limbic tracts (e.g. mammillo-
thalamic tract, stria terminalis) were not included in the analysis  due to 
their small size and low degree of myelination.
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The cingulum is a medial associative bundle that runs within the cingulate 
gyrus all around the corpus callosum. It contains fibers of different length, 
the longest of which run from the anterior temporal gyrus to the 
orbitofrontal cortex. The short U-shaped fibers connect the medial frontal, 
parietal, occipital, and temporal lobes and different portions of the 
cingulate cortex. The cingulum was dissected using a one-ROI approach. 
A single cigar-shaped region was delineated on the top three slices. When 
the cingulum separated into two branches an anterior and posterior region 
were defined on each slice. It is  important to remember that the majority of 
the fibers of the cingulum are short U-shaped fibers connecting adjacent 
gyri. Hence, the use of one-ROI approach allows the inclusion of most 
fibers of the cingulum in the analysis. Artifactual (callosal) fibers were 
removed using an exclusion ROI delineated around the corpus callosum.
Figure 10.1. Limbic association pathways: inferior longitudinal fasciculus 
(blue), uncinate (yellow), inferior frontal occipital fasciculus (orange) and 
cingulum (red). The fornix (light blue) belongs to projection system fibers. 
On the left hand side, lateral view of the limbic pathways, is easily to 
detect the most lateral tracts: inferior longitudinal fasciculus, uncinate and 
inferior frontal occipital fasciculus. The right hand side represents the 
middle view of the brain, where cingulum and fornix are easily to detect.
direction only) (Basser and Pierpaoli, 1996), was estimated in each
voxel.
Diffusion tensor data were processed according to the procedure
originally described by Basser et al. (2000). Brieﬂy a continuous
description of the diffusion tensor ﬁeld was derived from the voxel-
wise discrete estimates by B-spline ﬁtting a series of basis functions to
the elements of the tensor matrices (Basser et al., 2000). This
procedure allows rapid evaluation of the diffusion tensor at any
arbitrary location within the imaged volume, and permits also
smoothing of the tensor ﬁeld. A set of locations for the initiation of
the tracking algorithm, (referred to here as ‘seed-points’), was ﬁrst
selected on the fractional anisotropy images. At the time of the
analysis the operator was completely blind to subject status and
additionally the brain hemisphereswere ﬂipped as further precaution.
For each seed-point, the diffusion tensor was estimated to determine
the principal eigenvector. The tracking algorithm then moved a
distance of .5 mm along this direction. The diffusion tensor at this new
location was determined from the continuous description of the
tensor ﬁeld and its orientation, of its principal eigenvector, was
estimated. The tracking algorithm then moved further .5 mm along
this new direction. A pathway was traced out in this manner until the
fractional anisotropy of the ten or fell below a ﬁxed arbitrary
threshold (set to .2). A three-dimensional representation of the
pathways was then generated by a set of stream tubes, to connect up
the points, using MATLAB (Catani et al., 2002). Further details can be
found in previously published papers (Basser et al., 2000; Catani et al.,
2002; Jones et al., 2002).
Virtual dissections of the limbic tracts
We performed virtual dissections of the three major limbic
pathways: i) the cingulum; ii) the uncinate fasciculus; iii) the fornix
(Catani and Thiebaut de Schotten, 2008). In addition we dissected the
inferior longitudinal fasciculus and the inferior frontal occipital
fasciculus to extend the analysis to pathways that connect limbic
structures to visual and auditory associative areas (Fig. 1). Other
limbic tracts (e.g. mammillo-thalamic tract, stria terminalis) were not
included in the analysis due to their small size and low degree of
myelination.
The cingulum is a medial associative bundle that runs within the
cingulate gyrus all around the corpus callosum. It contains ﬁbers of
different length, the longest of which run from the anterior temporal
gyrus to the orbitofrontal cortex. The short U-shaped ﬁbers connect
the medial frontal, parietal, occipital, and temporal lobes and different
portions of the cingulate cortex. The cingulum was dissected using a
one-ROI approach. A single cigar-shaped region was deﬁned on the
top three slices. When the cingulum separated into two branches an
anterior and posterior region were deﬁned on each slice. It is
important to remember that the majority of the ﬁbers of the cingulum
are short U-shaped ﬁbers connecting adjacent gyri. Hence, the use of
one-ROI approach allows the inclusion of most ﬁbers of the cingulum
in the analysis. Artifactual (callosal) ﬁbers were removed using an
exclusion ROI deﬁned around the corpus callosum.
The uncinate fasciculus is a ventral anterior associative bundle that
connects the anterior temporal lobe with the medial and lateral
orbitofrontal cortex (Catani et al., 2002). A two-ROI approach was also
used to dissect the uncinate fasciculus. The ﬁrst ROI (temporal) was
deﬁned in the anterior temporal lobe, as described for the inferior
longitudinal fasciculus. A second ROI was deﬁned around the white
matter of the anterior ﬂoor of the external/extreme capsule. The
insula deﬁned the lateral border of the ROI, and the lenticular nucleus
its medial border. Artifactual ﬁbers were removed by applying an n
exclusion ROI deﬁned around the occipital lobe.
The fornix is a proj ction bundle that connects themedial temporal
lobe to the mammillary bodies and hypothalamus. A single ROI was
deﬁned around the body of the fornix. To visualize the entire course of
the fornix ( cluding its temporal portion), additional regions around
the ﬁmbriae of each side were included in the ROI.
The inferior fronto-occipital fasciculus is a ventral associative bundle
that connects the ventral occipital lobe and the obitofrontal cortex. In
its occipital course the inferior fronto-occipital fasciculus runs parallel
to the inferior longitudinal fasciculus. On approaching the anterior
temporal lobe, the ﬁbers of the inferior fronto-occipital fasciculus
gather together and enter the external capsule dorsally to the ﬁbers of
the uncinate fasciculus. A two-ROI approach was used to dissect the
ﬁbers of the inferior fronto-occipital fasciculus. The ﬁrst region was
delineated around the occipital lobe, and the second around the
external/extreme caps le. The criteria used for the delineation of
Fig. 1. Limbic association pathways: inferior longitudinal fasciculus (blue), uncinate (yellow), inferior frontal occipital fasciculus (orange) and cingulum (red). The fornix (light blue)
belongs to projection system ﬁbers. On the left hand side, lateral view of the limbic pathways, is easily to detect the most lateral tracts: inferior longitudinal fasciculus, uncinate and
inferior frontal occipital fasciculus. The right hand side represents themiddle view of the brain, where cingulum and fornix are easily to detect. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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The uncinate fasciculus is a ventral anterior associative bundle that 
connects the anterior temporal lobe with the medial and lateral 
orbitofrontal cortex (Catani et al., 2002). A two-ROI approach was also 
used to dissect the uncinate fasciculus. The first ROI (temporal) was 
defined in the anterior temporal lobe, as described for the inferior 
longitudinal fasciculus. A second ROI was defined around the white matter 
of the anterior floor of the external/extreme capsule. The insula defined the 
lateral border of the ROI, and the lenticular nucleus  its  medial border. 
Artifactual fibers were removed by applying an n exclusion ROI de␣ned 
around the occipital lobe.
The fornix is a projection bundle that connects the medial temporal lobe to 
the mammillary bodies and hypothalamus. A single ROI was de␣ned 
around the body of the fornix. To visualize the entire course of the fornix 
(including its temporal portion), additional regions around the fimbriae of 
each side were included in the ROI.
The inferior fronto-occipital fasciculus is a ventral associative bundle that 
connects the ventral occipital lobe and the obitofrontal cortex. In its 
occipital course the inferior fronto-occipital fasciculus runs parallel to the 
inferior longitudinal fasciculus. On approaching the anterior temporal lobe, 
the fibers  of the inferior fronto-occipital fasciculus gather together and 
enter the external capsule dorsally to the fibers of the uncinate fasciculus. 
A two-ROI approach was used to dissect the fibers of the inferior fronto-
occipital fasciculus. The first region was delineated around the occipital 
lobe, and the second around the external/extreme capsule. The criteria 
used for the delineation of these ROIs have already been described above 
(please see respectively sections on the inferior longitudinal fasciculus and 
uncinate fasciculus). Artifactual fibers  were again removed by applying an 
exclusion ROI defined around the temporal pole.
232
The inferior longitudinal fasciculus is a ventral associative bundle with long 
and short fibers connecting the occipital and temporal lobes. The long 
fibers are medial to the short fibers and connect visual areas to the 
amygdala and hippocampus (Catani et al., 2003). A two-ROI approach 
was used to dissect the inferior longitudinal fasciculus. The first ROI 
(temporal) was defined around the white matter of the anterior temporal 
lobe. The second ROI (occipital) was defined around the white matter of 
the occipital lobe. The lowest region was  defined on a slice containing the 
white matter of the lingual and fusiform gyrus. The most dorsal region was 
defined on the slice where the fibers  of the left and right splenium join at 
the midsagittal line.
Main tractography outcome measures
Number and length of streamlines (SL) were calculated for each tract. Also 
fractional anisotropy (FA) and mean diffusivity (MD) at regular (0.5 mm) 
intervals  along the defined tracts were extracted and the means for each 
tract computed (Jones et al., 2006).
Statistical analysis
Statistical comparisons of the data were performed using SPSS software 
(SPSS Inc, Chicago, Ill). An independent sample t-test was  used to 
compare age and IQ data and volumetric measurements. For the 
tractography outcome measurements, general linear model (GLM) 
analysis for repeated measures was used with side (left and right 
hemisphere) and tracts (uncinate, cingulum, inferior frontal occipital 
fasciculus and inferior longitudinal fasciculus) as the within-subject factors 
and group as between-subjects factor. Then, where significant interactions 
were detected, post hoc analysis was performed using independent 
student's  t-test. The same analysis was repeated after co-varying for IQ. 
Within each group correlation analysis was performed between age and 
tractography measures using Pearson's  correlation coefficient and 
between-group differences calculated using Z-observation analysis. All 
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results are presented before and after Bonferroni correction for multiple 
comparisons (p < .006).
10.3 Results
Demographic and neuropsychological performances
There were no significant age differences between the two groups. 
However, the Asperger syndrome group had a significantly lower FSIQ as 
compared to the healthy controls (Table 10.1).
Tract-specific measurements
-Streamlines. Overall people with Asperger syndrome had a significantly 
higher number of limbic streamlines  (mean = 154 ± 28) than controls 
(mean 136 ± 20; p=.004). Also there was a significant group-by-tract 
interaction [F(3,62)=.81, p=.004], which remained significant after co-
varying for FSIQ. There was no significant group-by-side [F(1,64) = .13, p 
= .72] or group-by-side-by-tract interaction [F(3,62) =.65, p=.58]. 
Subsequent post hoc comparison of the individual tracts revealed that 
people with Asperger syndrome had a significantly higher number of 
streamlines bilaterally within the cingulum and the inferior longitudinal 
fasciculus as compared to controls, also after co-varying for brain volume. 
By contrast the Asperger group had a significantly lower number of 
these ROIs have already been described above (please see respectively
sections on the inferior longitudinal fasciculus and uncinate fascicu-
lus). Artifactual ﬁbers were again removed by applying an exclusion
ROI deﬁned around the temporal pole.
The inferior longitudinal fasciculus is ventral associa ive bundle
with long and short ﬁbers connecting the occipital and temporal
lobes. The long ﬁbers are medial to the short ﬁbers and connect
visual areas to the amygdala and hippocampus (Catani et al., 2003).
A two-ROI approach s used to dissect the inferior longitudinal
fasciculus. The ﬁrst ROI (temporal) was deﬁned around the white
matter of the anterior temporal lobe. The second ROI (occipital) was
deﬁned around the white matter of the occipital lobe. The lowest
region as deﬁned on a slice containing the white matter of the
lingual and fusiform gyrus. The most dorsal region was deﬁned on
the slice where the ﬁbers of the left and right splenium join at the
midsagittal line.
Inter-rater reliability between the operator (LP) and an experi-
enced tractographer (MC) for the volume of the ROIs, the number of
streamlines, the length of tracts and the tract-speciﬁc indices (FA, MD)
was calculated on a sample of 10 datasets and was highly signiﬁcant
(N .90).
Main tractography outcome measures
Number and length of streamlines (SL) were calculated for each
tract. Also fractional anisotropy (FA) and mean diffusivity (MD) at
regular (.5 mm) intervals along the deﬁned tracts were extracted and
the means for each tract computed (Jones et al., 2006).
Statistical analysis
Statistical comparisons of the data were performed using SPSS
software (SPSS Inc, Chicago, Ill). An independent sample t-test was
used to compare age and IQ data and volumetric measurements. For
the tractography outcomemeasurements, general linearmodel (GLM)
analysis for repeated measures was used with side (left and right
hemisphere) and tracts (uncinate, cingulum, inferior frontal occipital
fasciculus and inferior longitudinal fasciculus) as the within-subject
factors and group as between-subjects factor. Then, where signiﬁcant
interactions were detected, post hoc analysis was performed using
independent student's t-test. The same analysis was repeated after co-
varying for IQ. Within each group correlation analysis was performed
between age and tractography measures using Pearson's correlation
coefﬁcient and between-group differences calculated using Z-obser-
vation analysis. All results are presented before and after Bonferroni
correction for multiple comparisons (p b .006).
Results
Demographic and neuropsychological performances
There were no signiﬁcant age differences between the two groups.
However, the Asperger syndrome group had a signiﬁcantly lower FSIQ
as compared to the healthy controls (Table 1).
Tract-speciﬁc measurements
Streamlines (Fig. 2, Table 2)
Overall people with Asperger syndrome had a signiﬁcantly higher
number of limbic streamlines (mean=154±28) than controls (mean
136±20; p=.004). Also there was a signiﬁcant group-by-tract
interaction [F(3,62)=.81, p=.004], which remained signiﬁcant after
co-varying for FSIQ. There was no signiﬁcant group-by-side [F(1,64)=
.13, p=.72] or group-by-side-by-tract interaction [F(3,62)=.65,
p=.58]. Subsequent post hoc comparison of the individual tracts
revealed that people with Asperger syndrome had a signiﬁcantly
higher number of streamlines bilaterally within the cingulum and
the inferior longitudinal fasciculus as compared to controls, also




ASP (n=24) HC (n=42) Statistic p value
Age, y 23.3 (12.4) 25.3 (10.3) t=.7 .48
FSIQ 104.7 (12.05) 121.2 (16.1) t=4.3 b .001
VIQ 107.6 (13.1) 119.2 (18.7) t=2.3 .03
PIQ 99.2 (10.7) 117.5 (15.7) t=4.4 b .001
Abbreviations: ASP, Asperger syndrome; HC, healthy controls; FSIQ, Full Scale IQ; VIQ,
Verbal IQ; PIQ, Performance IQ. Data are expressed for combined sites as mean (SD).
Fig. 2. Differences between autistic spectrum disorder (green) and healthy comparison (purple) group in the number of streamlines for limbic pathways. ⁎Differences are signiﬁcant
at p b .05. ⁎⁎Differences are signiﬁcant at p b .01. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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streamlines within the right uncinate. The number of streamlines in the 
right Cingulum survived Bonferroni correction (Figure 10.2, Table 10.2). An 
independent sample t-test analysis  showed no statistically significant 
differences in the streamlines length in people with Asperger syndrome 
(mean=84.5±13.8) than controls (mean=82.9±19.6; p=.51).
Figure 10.2. Differences between autistic spectrum disorder (green) and 
healthy comparison (purple) group in the number of streamlines for limbic 
pathways. Differences are significant at p < .05. Differences are significant 
at p < .01.
these ROIs have already been described above (please see respectively
sections on the inferior longitudinal fasciculus and uncinate fascicu-
lus). Artifactual ﬁbers were again removed by applying an exclusion
ROI deﬁned around the temporal pole.
The inferior longitudinal fasciculus is a ventral associative bundle
with long and short ﬁbers connecting the occipital and temporal
lobes. The long ﬁbers are medial to the short ﬁbers and connect
visual areas to the amygdala and hippocampus (Catani et al., 2003).
A two-ROI approach was used to dissect the inferior longitudinal
fasciculus. The ﬁrst ROI (temporal) was deﬁned around the white
matter of the anterior temporal lobe. The second ROI (occipital) was
deﬁned around the white matter of the occipital lobe. The lowest
region was deﬁned on a slice containing the white matter of the
lingual and fusiform gyrus. The most dorsal region was deﬁned on
the slice where the ﬁbers of the left and right splenium join at the
midsagittal line.
Inter-rater reliability between the operator (LP) and an experi-
enced tractographer (MC) for the volu e of the ROIs, the number of
streamlines, the length of tracts and the tract-speciﬁc indices (FA, MD)
was calculated on a sampl of 10 datas ts and w s highly signiﬁcant
(N .90).
Main tractography outcome measures
Number and length of streamlines (SL) were calculated for each
tract. Also fractional anisotropy (FA) and mean diffusivity (MD) at
regular (.5 mm) intervals along the deﬁned tracts were extracted and
the means for each tract computed (Jones et al., 2006).
Statistical analysis
Statistical comparisons of the data were performed using SPSS
software (SPSS Inc, Chicago, Ill). An independent sample t-test was
used to compare age and IQ data and volumetric measurements. For
the tractography outcomemeasurements, general linearmodel (GLM)
analysis for repeated measures was used with side (left and right
hemisphere) and tracts (uncinate, cingulum, inferior frontal occipital
fasciculus and inferior longitudinal fasciculus) as the within-subject
factors and group as between-subjects factor. Then, where signiﬁcant
interactions were detected, post hoc analysis was performed using
independent student's t-test. The same analysis was repeated after co-
varying for IQ. Within each group correlation analysis was performed
between age and tractography measures using Pearson's correlation
coefﬁcient and between-group differences calculated using Z-obser-
vation analysis. All results are presented before and after Bonferroni
correction for multiple comparisons (p b .006).
Results
Demographic and neuropsychological performances
There were no signiﬁcant age differences between the two groups.
However, the Asperger syndrome group had a signiﬁcantly lower FSIQ
as compared to the healthy controls (Table 1).
Tract-speciﬁc measurements
Streamlines (Fig. 2, Table 2)
Overall people with Asperger syndrome had a signiﬁcantly higher
number of limbic streamlines (mean=154±28) than controls (mean
136±20; p=.004). Also ther was a sig iﬁcant group-by-tract
interaction [F(3,62)=.81, p=.004], which remained signiﬁcant after
co-varying for FSIQ. There was no signiﬁcant group-by-side [F(1,64)=
.13, p=.72] or group-by-side-by-tract interaction [F(3,62)=.65,
p=.58]. Subsequent post hoc comparison of the individual tracts
revealed that people with Asperger syndrome had a signiﬁcantly
higher number of streamlines bilaterally within the cingulum and
the inferior longitudinal fasciculus as compared to controls, also




ASP (n=24) HC (n=42) Statistic p value
Age, y 23.3 (12.4) 25.3 (10.3) t=.7 .48
FSIQ 104.7 (12.05) 121.2 (16.1) t=4.3 b .001
VIQ 107.6 (13.1) 119.2 (18.7) t=2.3 .03
PIQ 99.2 (10.7) 117.5 (15.7) t=4.4 b .001
Abbreviations: ASP, Asperger syndrome; HC, healthy controls; FSIQ, Full Scale IQ; VIQ,
Verbal IQ; PIQ, Performance IQ. Data are expressed for combined sites as mean (SD).
Fig. 2. Differences between autistic spectrum disorder (green) and healthy comparison (purple) group in the number of streamlines for limbic pathways. ⁎Differences are signiﬁcant
at p b .05. ⁎⁎Differences are signiﬁcant at p b .01. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
4 L. Pugliese et al. / NeuroImage xxx (2009) xxx–xxx
ARTICLE IN PRESS
Please cite this article as: Pugliese, L., et al., The anatomy of extended limbic pathways in Asperger syndrome: A preliminary Diffusion Tensor
Imaging Tractography study, NeuroImage (2009), doi:10.1016/j.neuroimage.2009.05.014
235
MD and FA (Table 3, Table 4) MD in the Asperger group was significantly 
increased in the inferior longitudinal fasciculus bilaterally, and in the right 
cingulum and inferior fronto-occipital fasciculus (Table 3). In contrast, 
individuals with Asperger syndrome had a significant decrease in FA of the 
inferior frontal occipital fasciculus bilaterally, and in the right uncinate 
fasciculus (Table 4). However, none of these differences survived 
Bonferroni correction.
Whole brain volumetric measurements
An independent sample t-test analysis showed no statistically significant 
differences in the whole brain volume between people with Asperger 
syndrome (mean=1104.9±116.8) and controls (mean=1142.5±102.1; p =.
31). Similarly, no difference was found in the total cranial volume between 
people with Asperger syndrome (mean = 1442.9 ± 122.7) and controls 
(mean = 1471.8 ± 116.7; p = .47).
a signiﬁcantly lower number of streamlines within the right uncinate.
The umber of streamlines in the right Cigulum survived Bonferro i
correction (Fig. 2, Table 2).
An independent sample t-test analysis showed no statistically
signiﬁcant differences in the streamlines length inpeoplewith Asperger
syndrome (mean=84.5±13.8) t an controls (m an=82.9±19.6;
p=.51).
MD and FA (Table 3, Table 4)
MD in th Asperger group was signiﬁcantly increased in the
inferior longitudinal fasciculus bilaterally, and in the right cingulum
and inferior fronto-occipital fasciculus (Table 3). In contrast, indivi-
duals with Asperger syndrome had a signiﬁcant decrease in FA of the
inferior frontal occipital fasciculus bilaterally, and in the right uncinate
fasciculus (Table 4). However, none of these differences survived
Bonferroni correction.
Whole brain volumetric measurements
An independent sample t-test analysis showed no statistically
signiﬁcant differences in the whole brain volume between people
with Asperger syndrome (mean=1104.9±116.8) and controls
(mean=1142.5±102.1; p=.31). Similarly, no difference was found in
the total cranial volume between people with Asperger syndrome
(mean=1442.9±122.7) and controls (mean=1471.8±116.7; p=.47).
Age-related differences
Streamlines
Within people with Asperger syndrome there was no signiﬁcant
correlation between the number of streamlines and age in any of the
limbic tracts we examined. In contrast, within controls, there was a
signiﬁcant positive correlation in the right (r=.364; p=.018) (Fig. 3)
and left cingulum (r=.332; p=.031) (Table 5).
MD and FA
In people with Asperger syndrome MD was negatively correlated
with age in all the limbic tracts except the fornix. Similarly, in the
control group there was a negative correlation betweenMD and age in
all tracts except for the inferior frontal occipital fasciculus, bilaterally,
and the right inferior longitudinal fasciculus (Table 5). The only
between-group difference in the correlationwith agewas in theMD of
the left uncinate fasciculus. The age-related decrease in MD was
greater for the Asperger group compared with the healthy controls
(Zobs=2.05) (p=.02). There were no statistically signiﬁcant correla-
tions between age and FA (Table 5).
Brain volume
Within people with Asperger syndrome there was no signiﬁcant
correlation between the brain volume and age. Similarly, within
controls, no signiﬁcant correlation between brain volume and agewas
found.
Discussion
In this DTI-tractography study we found signiﬁcant differences in
the limbic white matter anatomy of people with Asperger syndrome




ASP (n=24) HC (n=42) Statistic p value
Uncinate left 36.3 (20.5) 40.6 (18.3) t=.87 .40
Uncinate right 43.5 (20.5) 57.7 (25.0) t=2.4 .02
ILF left 138 (46.2) 111 (51.5) t=2.1 .04
ILF right 126.6 (65.7) 95.1 (47.1) t=2.2 .03
IFOF left 56.0 (23.1) 53.4 (21.6) t=.47 .64
IFOF right 50.2 (24.6) 46.4 (22.4) t=.64 .52
Cingulum left 395.7 (93.3) 352.2 (66.4) t=2.2 .03
Cingulum right 387.6 (72.1) 332.7 (67.9) t=3.1 .003⁎
Fornix 148.3 (24.5) 150.3 (18.7) t=.36 .72
After signiﬁcant tract-by-group effect interaction [F(3,62)=.81, p=.004] post hoc test
was performed. Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF,
Inferior longitudinal fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are
expressed for combined sites as mean (SD).




ASP (n=24) HC (n=42) Statistic p value
Uncinate left .81 (.036) .80 (.032) t=1.4 .16
Uncinate right .82 (.037) .80 (.030) t=1.4 .17
ILF left .80 (.043) .78 (.031) t=2.1 .04
ILF right .79 (.043) .77 (.029) t=2.2 .03
IFOF left .79 (.040) .78 (.026) t=1.7 .08
IFOF right .79 (.035) .77 (.034) t=2.4 .02
Cingulum left .77 (.035) .75 (.030) t=2.0 .05
Cingulum right .77 (.035) .76 (.027) t=2.3 .02
Fornix 1.10 (.05) 1.13 (.096) t=1.2 .22
Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF, Inferior longitudinal
fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are expressed for combined




ASP (n=24) HC (n=42) Statistic p value
Uncinate left .42 (.029) .43 (.023) t=1.4 .14
Uncinate right .41 (.018) .43 (.019) t=2.7 .008
ILF left .45 (.021) .46 (.021) t=1.5 .13
ILF right .45 (.024) .45 (.019) t=1.3 .18
IFOF left .47 (.021) .48 (.023) t=2.2 .03
IFOF right .47 (.023) .48 (.027) t=2.1 .04
Cingulum left .46 (.028) .47 (.027) t=1.4 .16
Cingulum right .45 (.027) .45 (.025) t=.2 .87
Fornix .42 (.016) .41 (.22) t=.5 .59
Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF, Inferior longitudinal
fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are expressed for combined
sites as mean (SD).
Fig. 3. Correlation between age and number of streamline in the right cingulum for
autistic spectrum disorder (green) and healthy comparison group (purple). There is a
medium positive correlation r=.364 between the two variables wit a statistical
signiﬁcant p=.018. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Within people with Asperger syndrome there was no significant correlation 
between the number of streamlines and age in any of the limbic tracts we 
a signiﬁcantly lower number of streamlines within the right uncinate.
The number of streamlines in the right Cigulum survived Bonferroni
correction (Fig. 2, Table 2).
An independent sample t-test analysis showed no statistically
signiﬁcant differences in the streamlines length inpeoplewith Asperger
syndrome (mean=84.5±13.8) than controls (mean=82.9±19.6;
p=.51).
MD and FA (Table 3, Table 4)
MD in the Asperger group was signiﬁcantly increased in the
inferior longitudinal fasciculus bilaterally, and in the right cingulum
and inferior fronto-occipital fasciculus (Table 3). In contrast, indivi-
duals with Asperger syndrome had a signiﬁcant decrease in FA of the
inferior frontal occipital fasciculus bilaterally, and in the right uncinate
fasciculus (Table 4). However, none of these differences survived
Bonferroni correction.
Whole brain volumetric measurements
An independent sample t-test analysis showed no statistically
signiﬁcant differences in the whole brain volume between people
with Asperger syndrome (mean=1104.9±116.8) and controls
(mean=1142.5±102.1; p=.31). Similarly, no difference was found in
the total cranial volume between people with Asperger syndrome
(mean=1442.9±122.7) and controls (mean=1471.8±116.7; p=.47).
Age-related differences
Streamlines
Within people with Asperger syndrome there was no signiﬁcant
correlation between the number of streamlines and age in any of the
limbic tracts we examined. In contrast, within controls, there was a
signiﬁcant positive correlation in the right (r=.364; p=.018) (Fig. 3)
and left cingulum (r=.332; p=.031) (Table 5).
MD and FA
In people with Asperger syndrome MD was negatively correlated
with age in all the limbic tracts except the fornix. Similarly, in the
control group there was a negative correlation betweenMD and age in
all tracts except for the inferior frontal occipital fasciculus, bilaterally,
and the right inferior longitudinal fasciculus (Table 5). The only
between-group difference in the correlationwith agewas in theMD of
the left uncinate fasciculus. The age-related decrease in MD was
greater for the Asperger group compared with the healthy controls
(Zobs=2.05) (p=.02). There were no statistically signiﬁcant correla-
tions between age and FA (Table 5).
Brain volume
Within people with Asperger syndrome there was no signiﬁcant
correlation between the brain volume and age. Similarly, within
controls, no signiﬁcant correlation between brain volume and agewas
found.
Discussion
In this DTI-tractography study we found signiﬁcant differences in
the limbic white matter anatomy of people with Asperger syndrome




ASP (n=24) HC (n=42) Statistic p value
Uncinate left 36.3 (20.5) 40.6 (18.3) t=.87 .40
Uncinate right 43.5 (20.5) 57.7 (25.0) t=2.4 .02
ILF left 138 (46.2) 111 (51.5) t=2.1 .04
ILF right 126.6 (65.7) 95.1 (47.1) t=2.2 .03
IFOF left 56.0 (23.1) 53.4 (21.6) t=.47 .64
IFOF right 50.2 (24.6) 46.4 (22.4) t=.64 .52
Cingulum left 395.7 (93.3) 352.2 (66.4) t=2.2 .03
Cingulum right 387.6 (72.1) 332.7 (67.9) t=3.1 .003⁎
Fornix 148.3 (24.5) 150.3 (18.7) t=.36 .72
After signiﬁcant tract-by-group effect interaction [F(3,62)=.81, p=.004] post hoc test
was performed. Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF,
Inferior longitudinal fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are
expressed for combined sites as mean (SD).




ASP (n=24) HC (n=42) Statistic p value
Uncinate left .81 (.036) .80 (.032) t=1.4 .16
Uncinate right .82 (.037) .80 (.030) t=1.4 .17
ILF left .80 (.043) .78 (.031) t=2.1 .04
ILF right .79 (.043) .77 (.029) t=2.2 .03
IFOF left .79 (.040) .78 (.026) t=1.7 .08
IFOF right .79 (.035) .77 (.034) t=2.4 .02
Cingulum left .77 (.035) .75 (.030) t=2.0 .05
Cingulum right .77 (.035) .76 (.027) t=2.3 .02
Fornix 1.10 (.05) 1.13 (.096) t=1.2 .22
Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF, Inferior longitudinal
fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are expressed for combined




ASP (n=24) HC (n=42) Statistic p value
Uncinate left .42 (.029) .43 (.023) t=1.4 .14
Uncinate right .41 (.018) .43 (.019) t=2.7 .008
ILF left .45 (.021) .46 (.021) t=1.5 .13
ILF right .45 (.024) .45 (.019) t=1.3 .18
IFOF left .47 (.021) .48 (.023) t=2.2 .03
IFOF right .47 (.023) .48 (.027) t=2.1 .04
Cingulum left .46 (.028) .47 (.027) t=1.4 .16
Cingulum right .45 (.027) .45 (.025) t=.2 .87
Fornix .42 (.016) .41 (.22) t=.5 .59
Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF, Inferior longitudinal
fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are expressed for combined
sites as mean (SD).
Fig. 3. Correlation between age and number of streamline in the right cingulum for
autistic spectrum disorder (green) and healthy comparison group (purple). There is a
medium positive correlation r=.364 between the two variables wit a statistical
signiﬁcant p=.018. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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a signiﬁcantly lower number of streamlines within the right uncinate.
The number of streamlines in the right Cigulum survived Bonferroni
correction (Fig. 2, Table 2).
An independent sample t-test analysis showed no statistically
signiﬁcant differences in the streamlines length inpeoplewith Asperger
syndrome (mean=84.5±13.8) than controls (mean=82.9±19.6;
p=.51).
MD and FA (Table 3, Table 4)
MD in the Asperger group was signiﬁcantly increased in the
inferior longitudinal fasciculus bilaterally, and in the right cingulum
and inferior fronto-occipital fasciculus (Table 3). In contrast, indivi-
duals with Asperger syndrome had a signiﬁcant decrease in FA of the
inferior frontal occipital fasciculus bilaterally, and in the right uncinate
fasciculus (Table 4). However, none of these differences survived
Bonferroni correction.
Whole brain volumetric measurements
An independent sample t-test analysis showed no statistically
signiﬁcant differences in the whole brain volume between people
with Asperger syndrome (mean=1104.9±116.8) and controls
(mean=1142.5±102.1; p=.31). Similarly, no difference was found in
the total cranial volume between people with Asperger syndrome
(mean=1442.9±122.7) and controls (mean=1471.8±116.7; p=.47).
Age-related differences
Streamlines
Within people with Asperger syndrome there was no signiﬁcant
correlation between the number of streamlines and age in any of the
limbic tracts we examined. In contrast, within controls, there was a
signiﬁcant positive correlation in the right (r=.364; p=.018) (Fig. 3)
and left cingulum (r=.332; p=.031) (Table 5).
MD and FA
In people with Asperger syndrome MD was negatively correlated
with age in all the limbic tracts except the fornix. Similarly, in the
control group there was a negative corr lation betweenMD and age in
all tracts except for the inferior frontal occipital fasciculus, bilaterally,
and the right inferior longitudinal fasciculus (Table 5). The only
between-group difference in the correlationwith agewas in theMD of
the left uncinate fasciculus. The age-related decrease in MD was
greater for the Asperger group compared with the healthy controls
(Zobs=2.05) (p=.02). There were no statistically signiﬁcant correla-
tions between age and FA (Table 5).
Brain volume
Within people with Asperger syndrome there was no signiﬁcant
correlation between the brain volume and age. Similarly, within
controls, no signiﬁcant correlation between brain volume and agewas
found.
Discussion
In this DTI-tractography study we found signiﬁcant differences in
the limbic white matter anatomy of people with Asperger syndrome
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Cingulum right 387.6 (72.1) 332.7 (67.9) t=3.1 .003⁎
Fornix 148.3 (24.5) 150.3 (18.7) t=.36 .72
After signiﬁcant tract-by-group effect interaction [F(3,62)=.81, p=.004] post hoc test
was performed. Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF,
Inferior longitudinal fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are
expressed for combined sites as mean (SD).
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ASP (n=24) HC (n=42) Statistic p value
Uncinate left .42 (.029) .43 (.023) t=1.4 .14
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Fig. 3. Correlation between age and number of streamline in the right cingulum for
autistic spectrum disorder (green) and healthy comparison group (purple). There is a
medium positive correlation r=.364 between the two variables wit a statistical
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examined. In contrast, within controls, there was a significant positive 
correlation in the right (r = .364; p = .018) (Figure 10.3) and left cingulum (r 
= .332; p = .031).
Figure 10.3. Correlation between age and number of streamline in the 
right cingulum for autistic spectrum disorder (green) and healthy 
comparison group (purple). There is  a medium positive correlation r=.364 
between the two variables wit a statistical significant p = .018. 
-MD and FA
In people with Asperger syndrome MD was negatively correlated with age 
in all the limbic tracts except the fornix. Similarly, in the control group there 
was a negative correlation between MD and age in all tracts except for the 
inferior frontal occipital fasciculus, bilaterally, and the right inferior 
longitudinal fasciculus (Table 5). The only between-group difference in the 
correlation with age was in the MD of the left uncinate fasciculus. The age-
related decrease in MD was greater for the Asperger group compared with 
the healthy controls (Z-observation = 2.05) (p=.02). There were no 
statistically significant correlations between age and FA (Table 5).
a signiﬁcantly lower number of streamlines within the right uncinate.
The number of streamlines in the right Cigulum survived Bonferroni
correction (Fig. 2, Table 2).
An independent sample t-test analysis showed no statistically
signiﬁcant differences in the streamlines length inpeoplewith Asperger
syndrome (mean=84.5±13.8) than controls (mean=82.9±19.6;
p=.51).
MD and FA (Table 3, Table 4)
MD in the Asperger group was signiﬁcantly increased in the
inferior longitudinal fasciculus bilaterally, and in the right cingulum
and inferior fronto-occipital fasciculus (Table 3). In contrast, indivi-
duals with Asperger syndrome had a signiﬁcant decrease in FA of the
inferior frontal occipital fasciculus bilaterally, and in the right uncinate
fasciculus (Table 4). However, none of these differences survived
Bonferroni correction.
Whole brain volumetric measurements
An independent sample t-test analysis showed no statistically
signiﬁcant differences in the whole brain volume between people
with Asperger syndrome (mean=1104.9±116.8) and controls
(mean=1142.5±102.1; p=.31). Similarly, no difference was found in
the total cranial volume between people with Asperger syndrome
(mean=1442.9±122.7) and controls (mean=1471.8±116.7; p=.47).
Age-related differences
Streamlines
Within people with Asperger syndrome there was no signiﬁcant
correlation between the number of streamlines and age in any of the
limbic tracts we examined. In contrast, within controls, there was a
signiﬁcant positive correlation in the right (r=.364; p=.018) (Fig. 3)
and left cingulum (r=.332; p=.031) (Table 5).
MD and FA
In people with Asperger syndrome MD was negatively correlated
with age in all the limbic tracts except the fornix. Similarly, in the
control group there was a negative correlation betweenMD and age in
all tracts except for the inferior frontal occipital fasciculus, bilaterally,
and the right inferior longitudinal fasciculus (Table 5). The only
between-group difference in the correlationwith agewas in theMD of
the left uncinate fasciculus. The age-related decrease in MD was
greater for the Asperger group compared with the healthy controls
(Zobs=2.05) (p=.02). There were no statistically signiﬁcant correla-
tions between age and FA (Table 5).
Brain volume
Within people with Asperger syndrome there was no signiﬁcant
correlation between the brain volume and age. Similarly, within
controls, no signiﬁcant correlation between brain volume and agewas
found.
Discussion
In this DTI-tractography study we found signiﬁcant dif erences in
the limbic white matter anatomy of people with Asperger syndrome




ASP (n=24) HC (n=42) Statistic p value
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After signiﬁcant tract-by-group effect interaction [F(3,62)=.81, p=.004] post hoc test
was performed. Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF,
Inferior longitudinal fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are
expressed for combined sites as mean (SD).
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Table 5 
Correlation between age and tract-specific measurements.
in those tracts projecting to the anterior temporal lobe and the
orbitofrontal cortex of both hemispheres (i.e. the cingulum, uncinate,
and ILF). After correction for multiple comparisons, the differences
were particularly marked in the right cingulum, which had both an
increased number of streamlines (a possible surrogate of tract
volume) and increased MD (an index of microstructural integrity
and/or tissue composition).
Our ﬁndings converge on previous reports on anatomical, meta-
bolic and functional differences in the limbic regions of people with
ASD. Decreased glucose metabolism and reduced FA have been
reported, respectively, in the gray and white matter of the anterior
cingulate regions across ASD (Buchsbaum et al., 1992; Haznedar et al.,
1997, 2000; Rumsey et al., 1985; Siegel et al., 1992). The cingulate
cortex is part of a network that engages in tasks associated with
empathic cognition, social behaviour and pain perception; and this
region has been reported to be signiﬁcantly less activated during
social tasks in people with ASD (Di Martino et al., 2009; Thakkar et al.,
2008). Also the anterior and posterior cingulate cortices form part of
the default network, a network that shows increased activation during
“rest” condition or tasks involving individuals envisioning future
events or considering other people's perspectives (Buckner et al.,
2008), but which deactivates during cognitive or motor tasks
(Fransson, 2006; Uddin et al., 2009). It has been hypothesized that a
normal pattern of activation and deactivation of the default network is
associated with normal identity development, and socio-emotional
functioning (Buckner et al., 2008). Recent studies have shown reduced
functional connectivity within the default network regions in ASD,
suggesting an inability to disengage from internally driven self-
reﬂective thinking (Cherkassky et al., 2006; Kennedy and Courchesne,
2008). Our ﬁndings suggest that these differences in the activation
and metabolism of the cingulate cortex in ASD reported by others are
accompanied by anatomical differences in white matter tracts
connecting these medial limbic areas.
However we also found anatomical differences in other limbic
tracts such as the right uncinate fasciculus and the ILF, albeit at a
lower level of statistical signiﬁcance (i.e. these additional ﬁndings
did not survive correction for multiple comparisons). The right
uncinate fasciculus, connects the anterior temporal lobe to the
orbitofrontal cortex, and is part of a network underpinning episodic
memory and autonoetic awareness (awareness of oneself as a
continuous entity across time) (Levine et al., 1998). The ILF, connects
the fusiform gyrus to amygdala and hippocampus (Catani et al.,
2003), and plays an important role in social tasks requiring
recognition of face emotion expression (which is altered in some
subjects with ASD) (Kleinhans et al., 2008; Pierce et al., 2001;
Schultz et al., 2003; Van Kooten et al., 2008; Wong et al., 2008).
Hence, these preliminary ﬁndings suggest that white matter
differences in Asperger syndrome extend beyond the cingulum
network to other tracts connecting brain regions involved in visual
processing and emotions (Sundaram et al., 2008).
Although the anatomical localization of our ﬁndings is consistent
with a growing body of literature that implicates white matter
abnormalities in people with Asperger syndrome, the biological
meaning of the differences we found remains unknown. DTI-
tractography does not visualize axons directly but it reconstructs
their trajectories by measuring the diffusivity of water along different
directions and by tracing a pathway of least hindrance to diffusion
(parallel to the dominant ﬁber orientation) to form continuous
streamlines. We, therefore, do not assume that our ﬁndings are
equivalent to data obtained from post-mortem dissections, although,
they are likely to reﬂect highly reproducible features of human brain
anatomy (Catani et al., 2007). Thus, the increased number of
streamlines in the cingulum may indicate a larger tract volume in
people with Asperger syndrome, possibly due to increased myelina-
tion or number of axons/ﬁbers; or alternatively a greater complexity
of the connectional architecture (e.g. increased streamlines but
normal volume). For some tracts we observed reduced FA and
increased MD. In the adult healthy brain, anisotropy and mean
diffusivity appear to be independent, i.e., the mean diffusivity is
uniform across all brain parenchyma irrespective of the anisotropy
(Pierpaoli et al., 1996). This pattern of reduced anisotropy, but
elevated mean diffusivity, is commonly seen in DT-MRI studies of
brain diseases where the integrity of the axonal membrane, or the
myelin sheath, is compromised leading to an increase in the diffusivity
across the ﬁbers — and thus a reduction in anisotropy and increase in
mean diffusivity. Intense inﬂammation and gliosis of white matter
have been observed by some in post-mortem autistic brains (Vargas et
al., 2005); if this is also the case in the population we studied then it
may affect both fractional anisotropy and mean diffusivity due to
breakdown of neuronal membranes.
Finally we investigated age-related differences in the limbic
pathways. There was a signiﬁcant correlation between age and
mean diffusivity in almost all pathways in both the Asperger
syndrome and control groups. The only signiﬁcant difference between
the two groups was represented by the age-related decrease in MD of
the left uncinate fasciculus, which was greater for the Asperger group
as compared to controls. With respect to volumetric measurements
we did not observe between-group differences in the age-related
differences for the total brain volume. However, within people with
Asperger syndrome the number of streamlines is increased at a
younger age and does not change in adulthood. In contrast healthy
controls have a relatively lower number of streamlines at a younger
age but this increases throughout adolescence and early adulthood.
Previous volumetric studies of children with ASD reported
signiﬁcant differences from controls in brain growth trajectory —
with ASD children having increased total brain volume during the ﬁrst
Table 5
Correlation between age and tract-speciﬁc measurements.
Fractional anisotropy Mean diffusivity Streamlines
HC (n=42) ASP (n=24) HC (n=42) ASP (n=24) HC (n=42) ASP (n=24)
Statistic p value Statistic p value Statistic p value Statistic p value Statistic p value Statistic p value
Left Uncinate r=− .16 .3 r=.29 .2 r=− .32 .04 r=− .71 .001⁎ r=− .10 .5 r=.22 .3
IFOF r=.08 .6 r=.29 .2 r=− .30 .05 r=− .47 .02 r=.19 .2 r=.11 .6
ILF r=.06 .7 r=.23 .3 r=− .32 .04 r=− .63 .04 r=.11 .5 r=.10 .7
Cingulum r=.12 .4 r=.20 .4 r=− .49 .001⁎ r=− .52 .009 r=.33 .03 r=.19 .4
Right Uncinate r=.04 .8 r=.25 .2 r=− .47 .002⁎ r=− .66 .001⁎ r=− .22 .15 r=.13 .5
IFOF r=.06 .7 r=.25 .2 r=− .21 .20 r=− .47 .02⁎ r=.11 .5 r=− .10 .6
ILF r=− .14 .4 r=.15 .5 r=− .24 .12 r=− .64 .001⁎ r=.14 .4 r=.02 .9
Cingulum r=− .12 .4 r=.21 .3 r=− .41 .004⁎ r=− .67 .001⁎ r=.36 .02 r=.01 .9
Fornix r=− .06 .6 r=.25 .2 r=.16 .29 r=− .14 .5 r=− .21 .17 r=− .48 .02
Abbreviations: ASP, Asperger syndrome; HC, healthy controls; ILF, Inferior longitudinal fasciculus; IFOF, Inferior frontal occipital fasciculus. Data are expressed for combined sites as
mean (SD).
⁎ Statistical signiﬁcant after Bonferroni correction (p b .006).
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-Brain volume
Within people with Asperger syndrome t ere was no significant correlation 
between the brain volume and age. Similarly, within controls, no significant 
correlation between brain volume and age was found.
-Symptoms severity
We found no direct correlation between measures of symptoms severity 
and tracts specific measurements. 
1 .4 Discussion
In this DTI-tractography study we found significant differences in the limbic 
white matter anatomy of people with Asperger syndrome as compared to 
healthy controls. The most significant differences were in those tracts 
projecting to the anterior temporal lobe and the orbitofrontal cortex of both 
hemispheres (i.e. the cingulum, uncinate, and ILF). After correction for 
multiple comparisons, the differences were particularly marked in the right 
cingulum, whic  had both an increased numb r of stre mlines (a possible 
surrogate of tract volume) and increased MD (an index of microstructural 
integrity nd/o  tissue composition).
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Our findings  converge on previous reports of anatomical, metabolic and 
functional differences in the limbic regions of people with ASD. Decreased 
glucose metabolism and reduced FA have been reported, respectively, in 
the gray and white matter of the anterior cingulate regions across ASD 
(Buchsbaum et al., 1992; Haznedar et al., 1997, 2000; Rumsey et al., 
1985; Siegel et al., 1992). The cingulate cortex is  part of a network that 
engages in tasks associated with empathic cognition, social behaviour and 
pain perception; and this region has been reported to be significantly less 
activated during social tasks in people with ASD (Di Martino et al., 2009; 
Thakkar et al., 2008). Also the anterior and posterior cingulate cortices 
form part of the default network, a network that shows increased activation 
during “rest” condition or tasks  involving individuals envisioning future 
events or considering other people's perspectives (Buckner et al., 2008), 
but which deactivates during cognitive or motor tasks (Fransson, 2006; 
Uddin et al., 2009). It has been hypothesized that a normal pattern of 
activation and deactivation of the default network is associated with 
normal identity development, and socio-emotional functioning (Buckner et 
al., 2008). Recent studies have shown reduced functional connectivity 
within the default network regions in ASD, suggesting an inability to 
disengage from internally driven self-reflective thinking (Cherkassky et al., 
2006; Kennedy and Courchesne, 2008). Our findings suggest that these 
differences in the activation and metabolism of the cingulate cortex in ASD 
reported by others are accompanied by anatomical differences in white 
matter tracts connecting these medial limbic areas.
However we also found anatomical differences in other limbic tracts such 
as the right uncinate fasciculus and the ILF, albeit at a lower level of 
statistical significance (i.e. these additional findings did not survive 
correction for multiple comparisons). The right uncinate fasciculus, 
connects the anterior temporal lobe to the orbitofrontal cortex, and is  part 
of a network underpinning episodic memory and autonoetic awareness 
(awareness of oneself as a continuous entity across time) (Levine et al., 
1998). The ILF, connects the fusiform gyrus to amygdala and 
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hippocampus (Catani et al., 2003), and plays an important role in social 
tasks requiring recognition of face emotion expression (which is altered in 
some subjects with ASD) (Kleinhans et al., 2008; Pierce et al., 2001; 
Schultz et al., 2003; Van Kooten et al., 2008; Wong et al., 2008). Hence, 
these preliminary findings suggest that white matter differences in 
Asperger syndrome extend beyond the cingulum network to other tracts 
connecting brain regions  involved in visual processing and emotions 
(Sundaram et al., 2008).
Although the anatomical localization of our findings  is consistent with a 
growing body of literature that implicates white matter abnormalities in 
people with Asperger syndrome, the biological meaning of the differences 
we found remains unknown. DTI-tractography does not visualize axons 
directly but it reconstructs their trajectories by measuring the diffusivity of 
water along different directions  and by tracing a pathway of least 
hindrance to diffusion (parallel to the dominant fiber orientation) to form 
continuous streamlines. We, therefore, do not assume that our findings 
are equivalent to data obtained from post-mortem dissections, although, 
they are likely to reflect highly reproducible features of human brain 
anatomy (Catani et al., 2007). Thus, the increased number of streamlines 
in the cingulum may indicate a larger tract volume in people with Asperger 
syndrome, possibly due to increased myelination or number of axons/
fibers; or alternatively a greater complexity of the connectional architecture 
(e.g. increased streamlines but normal volume). For some tracts  we 
observed reduced FA and increased MD. In the adult healthy brain, 
anisotropy and mean diffusivity appear to be independent, i.e., the mean 
diffusivity is  uniform across all brain parenchyma irrespective of the 
anisotropy (Pierpaoli et al., 1996). This pattern of reduced anisotropy, but 
elevated mean diffusivity, is commonly seen in DT-MRI studies of brain 
diseases where the integrity of the axonal membrane, or the myelin 
sheath, is compromised leading to an increase in the diffusivity across the 
fibers — and thus a reduction in anisotropy and increase in mean 
diffusivity. Intense inflammation and gliosis of white matter have been 
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observed by some in post-mortem autistic brains (Vargas et al., 2005); if 
this  is also the case in the population we studied then it may affect both 
fractional anisotropy and mean diffusivity due to breakdown of neuronal 
membranes.
Finally we investigated age-related differences  in the limbic pathways. 
There was a significant correlation between age and mean diffusivity in 
almost all pathways  in both the Asperger syndrome and control groups. 
The only significant difference between the two groups was  represented 
by the age-related decrease in MD of the left uncinate fasciculus, which 
was greater for the Asperger group as compared to controls. With respect 
to volumetric measurements we did not observe between-group 
differences in the age-related differences for the total brain volume. 
However, within people with Asperger syndrome the number of 
streamlines is  increased at a younger age and does  not change in 
adulthood. In contrast healthy controls  have a relatively lower number of 
streamlines at a younger age but this increases throughout adolescence 
and early adulthood.
Previous volumetric studies of children with ASD reported significant 
differences from controls in brain growth trajectory — with ASD children 
having increased total brain volume during the first two years of life in but 
an apparent growth arrest at a later age (Courchesne, 2003; Courchesne 
and Pierce, 2005a; Dementieva et al., 2005; Gillberg and de Souza, 2002; 
Lainhart et al., 1997; Redcay and Courchesne, 2005). There are no 
studies in children with Asperger syndrome, but previous studies  found no 
differences in the total brain volume between adults with Asperger 
syndrome and controls. Our volumetric results are in line with previous 
studies in people with Asperger syndrome. However, the age-related 
differences in the cingulum may reflect a specific overgrowth with 
subsequent arrest in early adulthood (Figure 10.3). These initial findings 
also suggest that age should be carefully taken into account as a possible 
confound in future studies.
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This study has a number of limitations. It was a cross-sectional 
investigation restricted to older children and adults with Asperger 
syndrome. Clearly future studies are required including younger 
populations, and others from across the autistic spectrum. Further, we did 
not have ADI and ADOS scores for all individuals in the study and this 
limited our ability to relate biological differences to behaviour. Also there 
was a significant difference in the IQ between the two groups, which we 
have taken into account by co-varying for it in all our analyses. Further our 
findings cannot be explained in differences  in physical health as we 
excluded people with physical disorders affecting brain.
In conclusion this  preliminary study found that DTI-tractography can be 
applied to study the limbic pathways of people with ASD. Our findings 
suggest that people with Asperger syndrome have anatomical differences 
in specific limbic white matter tracts  and other tracts connecting sensory 
areas to temporal and orbitofrontal limbic regions. Future studies are 
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CHAPTER 11
ALTERED NETWORKS IN ADULTS WITH ASD  
11.1 Introduction
In the metanalysis  presented in Chapter 8 we have shown that a number 
of previously published studies suggest the involvement of the language 
perisylvian (e.g. arcuate fasciculus) and limbic pathways (e.g. uncinate) in 
subjects with ASD. Tractography analysis  of the cerebellar (Chapter 9) and 
limbic pathways (Chapter 10) showed that altered white matter in ASD 
adults may be limited to specific tracts  that connect frontal lobes to other 
cortical and subcortical regions. 
However, our understanding of the putative relationship between ASD and 
the anatomy of specific brain regions has been hampered by 
nonreplication of findings, the relatively small number of subjects recruited 
and the lack of comprehensive clinical assessment. 
For this  reason, we carried out a multicenter study on a large, well-
characterized sample to test the primary hypothesis that adults with ASD 
have abnormalities  in brain anatomy that differentiate them from controls. 
On the basis  of the literature reviewed herein and preliminary analysis 
presented in previous chapters, we predicted that individuals with ASD are 
significantly different from controls  in a large-scale neural network 
comprising the perisylvian pathways (Chapter 8), callosal connections 
(Chapter 8), frontocerebellar networks (Chapter 9) and ventral limbic 
pathways (Chapter 10). Hence, our primary goal was to confirm previously 
reported abnormalities  on a larger and well characterised group of 
individual with ASD. 
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Our second aim was  to test specific hypotheses linking white matter 
abnormalities along specific tract with characteristic ASD symptoms: 
i) One particular aspect of deviant speech in ASD that may be linked to the 
arcuate fasciculus  is echolalia. Echolalia is  the repetition, with similar 
intonation, of words or phrases that someone else has said. The arcuate 
fasciculus, a white matter tract  connecting classical Wernicke’s  and 
Broca’s areas, is  crucial for repetition of words. For example, acquired 
lesions to this  tract often manifest with conduction aphasia, characterised 
by an inability to repeat words (Catani et al., 2005). However, some stroke 
patients with partial damage to the arcuate fasciculus  retain their ability to 
repeat words, and in some rare cases display continuous and automatic 
repetition of words that is  similar to echolalic speech in ASD children. 
Hence, echolalia can be seen as an exageration of the normal function 
carried out by some fibres of the arcuate fasciculus. On the basis of the 
above we predicted that abnormalities of the arcuate are correlated with a 
history of echolalia in childhood. 
ii) Inappropriate use of facial expression is  often reported in individuals 
with ASD and is considered a sign of impaired social development. The 
uncinate fasciculus is a limbic tract crucially involved in facial expression. 
We therefore hypothesised that individuals  with ASD would have 
significant differences from controls in the microstructural integrity of the 
uncinate fasciculus, and that these are associated with deficits in use of 
facial expression. 
iii) Corpus callosum is  crucial to the successful completion of complex 
language (Sanders, 1989; Banich and Brown, 2000) and theory of mind 
(ToM) tasks (Paul et al., 2007; Temple et al., 1990; Goldstein et al., 1994; 
Just et al., 2004; Baron-Cohen et al., 1985; Happé, 1994; Symington et 
al., 2010). We therefore, hypothesised that individuals with ASD have 
significant differences from controls in the microstructural integrity of 
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corpus callosum, and that these are associated with severity of symptoms 
in both communication and social development. 
ii) Finally, the cerebellum is  involved in motor learning, higher cognitive 
functions and repetitive behaviour (e.g. motor response adaptation). On 
the basis of the literature review in Chapters 6 and 9, we therefore 
hypothesised that individuals  with ASD would have significant differences 
from controls  in the microstructural integrity of cerebellum and that these 
are associated with deficits in repetitive and stereotyped pattern of 
behaviour and communication.  
Two complementary approaches were used to analyse the DTI datasests 
acquired in this study. The first white matter analysis  used was tract-based 
spatial statistics (TBSS) (Smith et al., 2006). Whereas tractography 
dissects individual tracts of interest on the basis of a priori hypotheses, 
TBSS examines global patterns of white matter integrity in a groupwise, 
voxel-wise manner.  The advantage of this is that it does not restrict the 
investigation of FA differences to only white matter tracts with established 
relevance to the population. Therefore, TBSS can potentially highlight 
white matter differences in regions not previously known to be of 
importance in the particular study cohort (i.e. in non hypothesis driven 
investigations). Furthermore, in contrast to DTI tractography, TBSS is fully 
automated and is not operator-dependent - and so is unbiased.  However, 
co-registration of low-resolution, high-contrast FA maps may generate 
significant mis-registration and partial volume artifacts  in regions  of high 
and low anisotropy, for example, around the ventricles. Also, the accurate 
localisation of differences to specific tracts can be difficult with TBSS. For 
example, the data are often smoothed as part of the pre-processing to 
ensure that the ensuing statistical approach used is valid and three-
dimensional clusters of voxels exhibiting significant group differences will 
not typically lie neatly within a single tract. 
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Hence, we subsequently carried out a second white matter analysis using 
a tractography-based approach. Tractography has the advantage of 
measuring diffusivity indeces along specific tracts  of interest. Also it allows 
a more detailed analysis  of specific subpopulation of fibres (e.g. the three 
segments of the arcuate) and volumetric indices (e.g. number of 
streamlines and tract volume) of potential relevance that cannot be 
measured with TBSS.   
11.2 Methods
Participants
Sixty one male right-handed adults  with ASD and 61 matched neurotypical 
male controls aged 18 to 43 years were recruited by advertisement and 
subsequently assessed at the Institute of Psychiatry, Kings College 
London or the Autism Research Centre, University of Cambridge 
supported by the MRC UK AIMS network. Approximately equal ratios of 
cases to controls were recruited at each site. 
Exclusion criteria for all participants included a history of other psychiatric 
disorder, head injury, genetic disorder associated with autism (e.g. fragile 
X syndrome and tuberous sclerosis), or any other medical condition 
affecting brain function (e.g. epilepsy). We excluded potential participants 
who were abusing drugs (including alcohol) and individuals taking 
antipsychotic medication, mood stabilizers, or benzodiazepines. All 
participants with ASD were diagnosed according to International Statistical 
Classification of Diseases, 10th Revision (ICD-10) research criteria 
confirmed using the Autism Diagnostic Interview–Revised (ADI-R) to 
ensure that all participants with ASD met the criteria for childhood autism. 
All cases of ASD reached ADI-R algorithm cutoff values in the 3 domains 
of impaired reciprocal social interaction, communication, and repetitive 
behaviours and stereotyped patterns, although failure to reach cut-off in 
one of the domains by one point was permitted (see Table 12.1 for 
details).
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Age, y 28 (6.7) 26 (6.9)
Full-scale IQ, WASI 114 (11.1) 111 (13)
Performance IQ, WASIb 116 (10.5) 109 (14.9)
Verbal IQ, WASI 110 (12.5) 110 (13.2)
EHI 96 (7.6) 93 (14.2)
ADI-R Totalc -
ADI-R Socialc - 18.1 (5.3)
ADI-R Communicationc - 13.6 (4.2)
ADI-R Repetitive Behaviourc - 4.8 (2.2)
ADOS Totald -
ADOS Sociald - 6.1 (2.9)
ADOS Communicationd - 3.3 (1.7)
ADOS Repetitive Behaviourd - 1.2 (1.2)
AQ - 23.6 (10.7)
EQ - 32.7 (15.5)
SQ - 64.3 (22.3)
Numbers are means, with standard deviations in parentheses. 
Abbreviations: ADI-R, Autism Diagnostic Interview–Revised; ADOS, 
Autism Diagnostic Observation Schedule; ASD, autism spectrum disorder; 
WASI, Wechsler Abbreviated Scale of Intelligence.
aThere were no significant differences between the ASD and control 
groups in age, full-scale IQ, or verbal IQ at p < .05 (2-tailed).
b There was a significant difference in performance IQ (P = .005).
c Information was available for all 61 individuals  with ASD. The following 
cutoff scores were used: ADI-R Social, greater than 10; Communication, 
greater than 8; and Repetitive Behaviour, greater than 3.
d Information was available for 59 individuals with ASD. A cut-off of 7 was 
used for Communication plus Social interaction.
258
Current symptoms were assessed using the Autism Diagnostic 
Observation Schedule (ADOS) but were not used as inclusion criteria. 
Overall intellectual ability was assessed using the Wechsler Abbreviated 
Scale of Intelligence. All participants fell within the high-functioning range 
on the spectrum defined by a full-scale IQ higher than 70. The investigated 
sample included individuals  with high-functioning autism (24 individuals; 
history of delayed language acquisition after 36 months) and Asperger 
syndrome (37 individuals; phrase speech earlier than 36 months). All 
participants gave informed written consent in accordance with ethics 
approval by the National Research Ethics Committee, Suffolk, England.
Magnetic Resonance Imaging data acquisition
All participants were scanned with magnetic resonance imaging (MRI) 
scanners operating at 3T and fitted with an 8-channel receive-only radio 
frequency head coil (GE Medical Systems HDx). 
DTI data acquisition
High-Resolution structural T1-weighted volumetric images were acquired 
with full head coverage, 196 contiguous slices (1.1 mm thickness, with 
1.09x1.09 mm in-plane resoution), a 256x256x196 matrix and a repetition 
time/echo time (TR/TE) of 7/2.8 msec (flip angle 2000, field of view (FOV) 
28 cm) (Ecker et al., 2011). An 8 channel head-coil was used for 
radiofrequency transmission and reception allowing a parallel imaging 
(ASSET) speed up factor of two. Consistent image quality was ensured by 
a semi-automated quality control procedure. Diffusion Tensor Imaging data 
was acquired using a spin-echo echo-planar imaging (SE-EPI) double 
refocused sequence providing whole head coverage with isotropic image 
resolution (2.4x2.4x2.4 mm) were acquired (32 diffusion-weighted volumes 
with different non-collinear diffusion directions with b-factor 1300 sec/mm2 
and 6 non diffusion-weighted volumes; 60 slices; no slice gap; TE=104.5 
ms; TR=20 R-R intervals; 128x128 acquisition matrix; FOV 307x307 mm; 
peripherally gated). The acquisition was gated to the cardiac cycle using a 
peripheral gating device placed on the subjects’ forefinger.  
259
DTI processing
Diffusion data was processed using ExploreDTI (Leemans et al. 2009). 
Data was first pre-processed correcting for eddy current distortions and 
head motion. For each subject the b-matrix was then reoriented to provide 
a more accurate estimate of diffusion tensor orientations (Leemans 2008). 
Diffusion tensor was estimated using a non linear least square approach 
(Jones, Basser 2004). Fractional Anisotropy (FA) and Mean Diffusivity 
(MD) and Axial Diffusivity (Daxial) and Radial Diffusivity (Dradial) maps 
were generated. Whole brain tractography was performed by selection as 
seed voxels  all brain voxels with FA >= 0.2.  Streamlines  were propagated 
using an Euler integration applying a b-spline interpolation of the diffusion 
tensor field (Basser et al. 2000), and the tractography algorithm step size 
of 1 mm.  Where FA < 0.2 or when the angle between two consecutive 
tractography steps was larger than 35 degrees, tractography stopped. 
Finally, diffusion tensor maps and whole brain tractography were exported 
to Trackvis  (R. Wang, Benner, Sorensen, & Wedeen, 2007) for manual 
dissection of the cerebellar tracts. 
TBSS analysis
Each participant’s FA map was  transformed into standard stereotactic 
space (using FMRIB58 template) and a mean FA map for the whole 
sample used to to create the average core ‘skeleton’. By using only the 
core of the sample’s white matter the peripheral tract regions are not 
involved in further analysis, thus removing partial volume effects (Smith et 
al., 2006). Skeleton images of each participant’s data (FA map) were then 
produced and projected onto the mean skeleton to identify voxels where 
FA value differs significantly between these skeletons  using voxel-wise 
statistics. A design matrix was used using Centre and Age as covariates. 
Five thousand permutations were applied (confidence limits for p=0.05 is 
±0.0062).  The atlas  produced in Chapter 7 was used to localise significant 
white matter clusters. 
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Tractography Dissections
Following published methodology (Catani and Thiebaut de Schotten, 
2008), a one or two ROI approach was used to fully reconstruct the white 
matter trajectories of the arcuate fasciculus, limbic pathways, corpus 
callosum and cerebellar tracts. The tractographer was blind to group 
membership of each subject and side. 
- Perisylvian pathways
We performed virtual dissections of the left and right arcuate fasciculus 
and its  segments  connecting frontal, parietal and temporal regions (Catani 
et al., 2005) (figure 11.1).  A two-ROI approach was used to perform 
further detailed dissection of the lateral and medial fibres of the arcuate 
fasciculus, allowing us  to analyse separately the long, anterior and 
posterior segments of the arcuate fasciculus. To dissect the medial fibres 
of the arcuate fasciculus two spatially separated regions  were defined in 
the frontal (Broca’s territory) and posterior temporal lobe (Wernicke’s 
territory). All fibres passing through both regions were visualised and 
attributed to the long direct segment connecting directly classical language 
areas. The same approach was repeated for the right hemisphere. To 
dissect the most lateral fibres  of the arcuate fasciculus, which consist of an 
anterior and posterior segment connecting classical language areas to the 
inferior parietal lobule (Geschwind’s territory), a third ROI was used. All 
streamlines passing through Broca’s  territory and the inferior parietal 
lobule were considered to belong to the anterior indirect segment, 
whereas all fibres passing through Wernicke’s  and the inferior parietal 
lobule were considered to belong to the posterior indirect segment. 
- Limbic pathways
We performed virtual dissections of the three major limbic pathways 
including the cingulum, uncinate fasciculus and fornix (Catani and 
Thiebaut de Schotten, 2008). In addition we dissected the inferior 
longitudinal fasciculus and the inferior frontal occipital fasciculus to extend 
the analysis to pathways that connect limbic structures to visual and 
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auditory associative areas (Figure 11.2). One and two ROI approaches 
were used as described in Chapter 10.  
- Callosal pathways
The corpus callosum is the largest commissural tract in the brain. Near the 
midline it is  bounded by the cingulum to the anterior, posterior and 
superior sides. It crosses the cortico-spinal tract laterally to the midline in 
both the left and right hemispheres. The lateral ventricles, the fornix and 
the anterior commissure lie inferior to it.
The corpus  callosum was dissected using a one-ROI approach. A single 
ROI was defined on the two most medial slices of the FA maps. The shape 
of the ROI follows the anatomy of the different parts of the corpus 
callosum. The ROI looks roughly similar to a home telephone handset 
(Figure 11.3). Artifactual fibres that were generated by this ROI, including 
parts  of the neighbouring tracts mentioned above, were removed using an 
exclusion ROI defined in the areas around the interfering tract on the 
colour-coded FA map.
The subsections of the corpus callosum were defined according to the 
geometrical instructions given by Witelson (1989). The length of the 
corpus callosum was measured voxel-wise by defining an ROI of height 1 
voxel, which extended from the most anterior to most posterior part of the 
region of interest.
The length of corpus callosum could then be divided into the fractions 
described by Witelson (1989), using a new ROI for each subsection. The 
ROI for each subsection spans the proportion of the total CC length 
assigned to it by the Witelson subdivisions (for example the splenium ROI 
was 1/5th of the anterior-posterior length of the ROI), and perpendicular 
height (inferior to superior) at least equal to the corresponding part of the 
corpus callosum ROI, forming a rectangle. For example the splenium 
could be defined by selecting the track generated by the ‘corpus callosum 
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ROI’ in combination with the ‘splenium ROI’ and the ‘Not corpus callosum’ 
exclusion ROI. The rostrum was included in the entire corpus callosum of 
each patient (when present), but was excluded from the subsection 
analysis due to the possible errors in results caused by its small size.
- Cerebellar pathways
Short intracerebellar connections and long afferent (ie cortico-ponto-
cerebellar and spino-cerebellar peduncles) and efferent connections 
(superior cerebellar peduncles) were dissected (Catani and Thiebaut de 
Schotten, 2008). One and two ROI approaches were used as described in 
Chapter 10.  
Statistical analysis 
Statistical comparisons of the data were performed using SPSS software 
(SPSS Inc, Chicago, Ill) Demographic differences between ASD group and 
controls were analyzed using independent-samples t-tests. A multivariate 
was analyses were performed using the General Linear Model in SPSS to 
examine group differences in number of streamlines, volume, FA, MD, and 
perpendicular diffusivity, with age and scanning centers  entered as 
covariates. Post-hoc ANOVA analysis was used to identify group 
differences in the single tracts. Differences were considered statistically 
significant after Bonferroni correction for multiple comparisons according 
to the number of tracts analysed. In the tables and main text the p values 
are presented as uncorrected values. 
Group differences in behavioural measures were examined using 
Student’s t-test.  The ASD group was further subdivide into subgroups 
according to the severity of symptoms in the ADI and ADOS scores and 





Compared to controls, the ASD group had significantly lower FA in the 
arcuate fasciculus (p=0.026), external capsule (p=0.046), anterior 
(p=0.044) and posterior (p=0.032) cingulum, and anterior corpus callosum 
(p=0.015). We found no FA increases in ASD compared to controls. 
Figure 11.1 Red regions indicate reduced FA values in ASD compared to 
controls. Abbreviations: Arc, arcuate fasciculus; CC, corpus callosum; 
Cing, cingulum; Unc, uncinate fasciculus. 
Tractography analysis
Arcuate fasciculus
Between-groups differences  were found for the MD (F, 5.618; p=0.020) 
and perpendicular diffusivity (F, 4.629; p=0.034) with a statistically 
significant group x hemisphere interaction for the number of streamlines 
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(Hotelling’s Trace F, 6.817; p=0.010) and tract volume (Hotelling’s Trace F, 
6.860; p=0.010). These differences were mainly driven by reduced 
streamlines and volume and increased MD and perpendicular diffusivity in 
the long and anterior segments of the left hemisphere (Tables  11.2 and 
11.3). Differences remained significant after co-varying for age and 
performance IQ. To explore whether anatomical differences in the 
perisylvian segments are associated with language and communication 
impairment, subjects with ASD were subdivided into groups according to 
the presence and severity of their language symptoms in childhood as 
assessed by the ADI-R interview. In ASD subjects, those with a history of 
mild or severe stereotyped utterance and delayed echolalia in childhood 
had a significantly lower number of streamlines in the left anterior segment 
compared those without echolalia (Figure 11.2). To test whether white 
matter abnormalities in the arcuate fasciculus continued to have an impact 
on current language symptoms a correlation analysis  was performed 
between language performance and diffusivity measurements  of the three 
segments. A statistically significant inverse correlation was found between 
the number of streamlines of the anterior left segment and the total 
number of repetition of words on the fluency task (Pearson correlation -.
346; p=.006). In particular ASD individuals, although they performed as 
well as the controls subjects in the verbal fluency task (FAS test) they 
made a significantly higher number of repetition of words during the task. 
Within the ASD group those who made two or more repetitions had a 
significantly lower number of streamlines compared to those individuals 
who showed no repetition (Figure 11.2). No other differences were found 
for the long and posterior segments. ADOS scores  were not correlated 
with any of the diffusivity measurements.    
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Table 11.2 Tract-specific measurements of the three perisylvian segments
Segments Measurements  Controls ASD p-value
Long_left Streamlines 292±108 246±108 0.023
Volume 16±4 14±4 0.058
FA 0.504±.020 0.496±.023 0.042
 MD 0.74±.02 x 10-3 0.75±.02 x 10-3 0.002
Perp. Diff. 0.51±.02 x 10-3 0.52±.02 x 10-3 0.003
Long_right Streamlines 153±116 120±88 0.084
Volume 9±5 9±4 0.523
FA 0.480±.024 0.470±.025 0.210
 MD 0.49±.02 x 10-3 0.48±.06 x 10-3 0.163
Perp. Diff. 0.52±.02 x 10-3 0.52±.02 x 10-3 0.090
Anterior_left Streamlines 132±78 101±63 0.018
Volume 8±3 6±3 0.011
FA 0.459±.026 0.448±.030 0.039
 MD 0.75±.02 x 10-3 0.77±.03 x 10-3 0.003
Perp. Diff. 0.55±.02 x 10-3 0.57±.03 x 10-3 0.003
Anterior_right Streamlines 210±125 192±119 0.431
Volume 11±4 11±4) 0.606
FA 0.470±.027 0.464±.024 0.188
 MD 0.76±.02 x 10-3 0.77±.02 x 10-3 0.083
Perp. Diff. 0.55±.02 x 10-3 0.55±.02 x 10-3 0.078
Posterior_left Streamlines 156±67 170±94 0.353
Volume 9±2 9±4 0.385
FA 0.454±.026 0.453±.023 0.885
 MD 0.75±.02 x 10-3 0.76±.02 x 10-3 0.007
Perp. Diff. 0.54±.02 x 10-3 0.55±.03 x 10-3 0.057
Posterior_right Streamlines 132±75 131±83 0.947
Volume 7±2 7±3 0.838
FA 0.452±.028 0.451±.026 0.878
 MD 0.76±.02 x 10-3 0.77±.03 x 10-3 0.011
Perp. Diff. 0.55±.02 x 10-3 0.56±.03 x 10-3 0.055
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Figure 11.2 ASD individuals with a significant history of delayed echolalia 
in childhood and repetition of words in verbal fluency tasks in adulthood 
have a significantly lower number of streamlines in the anterior segment of 
the arcuate fasciculus. 
Limbic tracts (Figure 11.3)
Between-group differences were found for the number of streamlines (F, 
8.526; p=0.004), volume (F, 6.117; p=0.015), MD (F, 4.123; p=0.045), and 
perpendicular diffusivity (F, 5.277; p=0.023) with a statistically significant 
group x hemisphere interaction for FA (Hotelling’s  Trace F, 6.197; 
p=0.014). These differences were driven mainly by significant differences 
in the uncinate, cingulum, and IFOF in the left hemisphere (Tables 11.3). 
Differences remained significant after co-varying for age and performance 
IQ. To explore whether anatomical differences in the limbic pathways are 
associated with impaired social interaction, subjects with ASD were 
subdivided into groups according to the presence and severity of their 
symptoms on the ADI-R and ADOS interviews. In ASD subjects, those with 
a history of impaired use of facial expression in childhood had a 
significantly lower volume and FA in the left uncinate fasciculus compared 
to those with normal use of facial expression (Figure 11.3). No other 
differences were found for the other limbic tracts.  There were no 
significant differences in the Fornix. 
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Table 11.3 Tract-specific measurements of the limbic tracts
Limbic Tracts Measurements  Controls ASD p-value
Cingulum_left Streamlines 666±139 607±149 0.028
Volume 34±6 32±7 0.146
FA 0.479±.025 0.466±.023 0.003
 MD 0.78±.02 x 10-3 0.79±.02 x 10-3 0.164
Perp. Diff. 0.55±.02 x 10-3 0.56±.02 x 10-3 0.006
Cingulum_right Streamlines 596±126 562±137 0.160
Volume 32±6 31±10 0.519
FA 0.464±.024 0.457±.025 0.144
 MD 0.78±.02 x 10-3 0.79±.02 x 10-3 0.192
Perp. Diff. 0.56±.02 x 10-3 0.58±.03 x 10-3 0.116
Uncinate_left Streamlines 180±80 147±68 0.020
Volume 10±3 9±3 0.047
FA 0.462±.022 0.452±.027 0.030
 MD 0.82±.02 x 10-3 0.84±.03 x 10-3 0.004
Perp. Diff. 0.59±.02 x 10-3 0.60±.07 x 10-3 0.310
Uncinate_right Streamlines 204±81 183±78 0.147
Volume 10±3 9±3 0.231
FA 0.460±.064 0.459±.029 0.859
 MD 0.82±.02 x 10-3 0.82±.10 x 10-3 0.821
Perp. Diff. 0.58±.02 x 10-3 0.60±.04 x 10-3 0.035
IFOF_left Streamlines 182±80 167±88 0.335
Volume 14±4 13±4 0.209
FA 0.499±.025 0.493±.025 0.204
 MD 0.78±.02 x 10-3 0.80±.03 x 10-3 0.010
Perp. Diff. 0.54±.03 x 10-3 0.55±.03 x 10-3 0.021
IFOF_right Streamlines 166±81 177±93 0.506
Volume 14±3 14±3 0.945
FA 0.488±.020 0.491±.025 0.455
 MD 0.79±.02 x 10-3 0.80±.03 x 10-3 0.061
Perp. Diff. 0.55±.02 x 10-3 0.56±.03 x 10-3 0.398
ILF_left Streamlines 235±74 222±118 0.507
Volume 19±3 18±6 0.608
FA 0.529±.027 0.524±.023 0.166
 MD 0.79±.03 x 10-3 0.81±.03 x 10-3 0.038
Perp. Diff. 0.53±.02 x 10-3 0.54±.03 x 10-3 0.031
ILF_right Streamlines 265±103 228±93 0.044
Volume 18±4 16±4 0.036
FA 0.516±.070 0.524±.021 0.366
 MD 0.80±.02 x 10-3 0.81±.02 x 10-3 0.036
Perp. Diff. 0.53±.02 x 10-3 0.54±.03 x 10-3 0.134
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Figure 11.3 Tractographic reconstructions of the limbic pathways and 
differences in the volumes and FA of the uncinate fasciculus  according the 
history of impaired use of facial expression in childhood. 
Corpus callosum (Figure 11.4)
There were no statistically significant differences between subjects  with 
ASD and controls  in the number of streamlines and volume, FA, MD and 
perpendicular diffusivity of the total corpus callosum.  
The analysis of the subsegments of the corpus callosum revealed 
increased MD and perpendicular diffusivity in the genu and anterior body 
of individuals with ASD as compared to controls. Differences in FA and 
perpendicular diffusivity of the central body did not survive correction for 
multiple comparisons. No statistically significant differences were found in 
the posterior body, isthmus and splenium (Table 11.4). 
There were no significant correlations between callosal measurements 
and symptom severity on the ADI and ADOS.  
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Table 11.4 Tract-specific measurements of the callosal tracts
Callosal 
Segments
Measurements  Controls ASD p-value 
Genu Streamlines 914±304 853±192 0.197
Volume 30±5 29±5 0.460
FA 0.572±.022 0.566±.020 0.178
 MD 0.82±.04 x 10-3 0.84±.03 x 10-3 0.008
Perp. Diff. 0.51±.03 x 10-3 0.53±.03 x 10-3 0.013
Anterior Body Streamlines 412±156 427±143 0.593
Volume 20±5 21±4 0.440
FA 0.539±.022 0.532±.018 0.065
 MD 0.82±.03 x 10-3 0.83±.03 x 10-3 0.006
Perp. Diff. 0.53±.03 x 10-3 0.55±.05 x 10-3 0.006
Centre Body Streamlines 460±149 427±111 0.172
Volume 17±4 17±3 0.578
FA 0.558±.022 0.550±.020 0.037
 MD 0.81±.03 x 10-3 0.82±.03 x 10-3 0.076
Perp. Diff. 0.51±.03 x 10-3 0.52±.03 x 10-3 0.032
Posterior Body Streamlines 464±120 463±118 0.980
Volume 18±3 18±2 0.615
FA 0.572±.022 0.574±.018 0.537
 MD 0.79±.03 x 10-3 0.79±.02 x 10-3 0.939
Perp. Diff. 0.49±.03 x 10-3 0.49±.02 x 10-3 0.875
Isthmus Streamlines 474±143 453±131 0.396
Volume 22±4 22±3 0.308
FA 0.559±.024 0.557±.020 0.723
 MD 0.80±.03 x 10-3 0.79±.02 x 10-3 0.532
Perp. Diff. 0.50±.03 x 10-3 0.50±.02 x 10-3 0.722
Splenium Streamlines 1514±295 1498±315 0.774
Volume 66±7 65±8 0.790
FA 0.611±.017 0.608±.018 0.424
 MD 0.79±.02 x 10-3 0.79±.02 x 10-3 0.584
Perp. Diff. 0.46±.02 x 10-3 0.47±.02 x 10-3 0.440
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Figure 11.4 Tractographic reconstruction of the subsegments of the 
corpus callosum (left) according to Witelson (1989) and long cerebellar 
pathways (right). 
Cerebellar tracts (Figure 11.4)
There were no statically significant differences between ADS and controls 
in any of the cerebellar tracts examined that survived correction for 
multiple comparisons. There was no association between tract-specific 
measurements and clinical symptoms. 
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Table 11.4 Tract-specific measurements of the cerebellar tracts.
Tracts Measurements  Controls ASD p-value
SCP_left Streamlines 51±21 54±24 0.487
Volume 3±.9 2.8±.8 0.185
FA 0.475±.037 0.475±.033 0.994
 MD 0.89±.06 x 10-3 0.88±.05 x 10-3 0.314
Perp. Diff. 0.63±.06 x 10-3 0.62±.05 x 10-3 0.374
SCP_right Streamlines 53±23 57±26 0.369
Volume 3.1±.9 2.9±1 0.287
FA 0.481±.032 0.474±.032 0.165
 MD 0.88±.06 x 10-3 0.88±.06 x 10-3 0.793
Perp. Diff. 0.62±.05 x 10-3 0.63±.06 x 10-3 0.525
ICP_left Streamlines 42±20 39±21 0.469
Volume 2.3±.9 2.1±.8 0.351
FA 0.509±.029 0.514±.038 0.371
 MD 0.68±.04 x 10-3 0.67±.04 x 10-3 0.048
Perp. Diff. 0.47±.03 x 10-3 0.46±.10 x 10-3 0.788
ICP_right Streamlines 41±19 36±18 0.160
Volume 2.3±.7 2.1±.7 0.279
FA 0.513±.028 0.503±.033 0.049
 MD 0.68±.04 x 10-3 0.67±.04 x 10-3 0.571
Perp. Diff. 0.46±.03 x 10-3 0.47±.09 x 10-3 0.361
MCP_left Streamlines 576±172 551±191 0.415
Volume 32±10 30±11 0.260
FA 0.516±.023 0.514±.024 0.668
 MD 0.69±.03 x 10-3 0.68±.03 x 10-3 0.032
Perp. Diff. 0.47±.02 x 10-3 0.46±.02 x 10-3 0.073
MCP_right Streamlines 541±187 514±168 0.378
Volume 30±11 29±10 0.327
FA 0.519±.023 0.516±.025 0.461
 MD 0.68±.03 x 10-3 0.67±.03 x 10-3 0.149
Perp. Diff. 0.46±.02 x 10-3 0.46±.07 x 10-3 0.695
CH_left Streamlines 473±205 510±206 0.279
Volume 17±6 17±6 0.679
FA 0.375±.040 0.362±.045 0.067
 MD 0.64±.03 x 10-3 0.63±.03 x 10-3 0.238
Perp. Diff. 0.50±.03 x 10-3 0.51±.07 x 10-3 0.340
CH_right Streamlines 501±214 502±205 0.992
Volume 18±5 17±5 0.651
FA 0.374±.053 0.367±.044 0.331
 MD 0.64±.04 x 10-3 0.63±.03 x 10-3 0.100
Perp. Diff. 0.50±.04 x 10-3 0.50±.03 x 10-3 0.799
Abbreviations; SCP, superior cerebellar peduncle; ICP, inferior cerebellar 
peduncle; MCP, middle cerebellar peduncle; CH, cerebella hemisphere. 
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11.4 Discussion
We used quantitative DTI to examine the microstructural integrity of white 
matter in a sizeable adult sample of men with ASD and healthy controls. 
Our principal findings from the TBSS analysis  were that FA was 
significantly lower in the ASD group in the arcuate fasciculus, anterior 
corpus callosum, cingulum and external capsule. Tractography analysis 
revealed reduced number of streamlines in the anterior and long segments 
of the arcuate fasciculus, cingulum and uncinate. Increased MD and 
perpendicular diffusivity was also observed in the same tracts. Most of the 
significant differences were in the left hemisphere. There were no 
statistically significant differences in the cerebellar tracts. All the pathways 
that we found were abnormal in ASD connect the left frontal lobe to 
posterior lobes within the same hemisphere or to contralateral frontal 
regions. Hence, these findings suggest that adults  with ASD have 
significant differences in the microstructural integrity of the associative and 
commissural fibres of the left frontal lobe. 
White matter abnormalities have been previously reported in individuals 
with ASD.  For example, prior studies found that people with ASD have 
significant differences in white matter volume (McAlonan et al., 2005; 
Boddaert et al., 2004; Hyde et al., 2010) and microstructural integrity as 
measured by diffusion tensor magnetic resonance imaging (Barnea-Goraly 
et al., 2004; Alexander et al., 2007; Catani et al., 2008; Pugliese et al., 
2009; Bloemen et al., 2010). Furthermore, it has been reported that 
individuals with ASD undergo abnormal postnatal white matter 
development (Herbert et al., 2004; Ben Bashat et al., 2007).  Similar to 
others (Waiter et al., 2004; Ke et al., 2009), we found that individuals with 
ASD predominantly had a pattern of regional reductions in white matter 
volume relative to controls.  In particular ipsi- and contralateral 
connections of the left frontal lobes are more affected in ASD. Such white 
matter deficits have often been interpreted as one of the neurobiological 
foundations of ‘atypical connectivity’ theories in autism (Geschwind and 
273
Levitt 2007; Belmonte et al., 2004).  In general, disconnection syndromes 
are defined as disorders of higher function which result from a 
‘disconnecting’ breakdown of associative connections through white matter 
lesions (Catani and ffytche, 2005). More specifically, it has been 
suggested that in ASD higher-order association areas of the brain which 
predominantly connect to the frontal lobe are partially disconnected during 
development (Frith, 2004; Courchesne and Pierce, 2005); and that people 
with ASD have pervasive core processing deficits which result from a 
‘developmental disconnection syndrome’. For example, it has  been 
reported (Langen et al., 2009) that functional connectivity of medial 
temporal lobe structures is abnormal in people with Asperger’s syndrome 
during face processing. Our findings of reduced FA in ASD subjects with a 
history of impaired use of facial expression in childhood confirms  a crucial 
role of the uncinate in face processing and expression and suggest a 
specific limbic fronto-temporal disconnection in ASD. Similarly, the 
association between damage to subcompontents of the arcuate fasciculus 
and a history of echolalia or the number of repetitions in a fluency task 
confirms a crucial role of the arcuate fasciculus in language and a 
disconnection mechanism for perseverative repetition of words. 
There is also evidence from previous studies to suggest that anatomical 
cortical underconnectivity between frontal brain regions affects executive 
functioning in ASD and is accompanied by structural abnormalities in 
connecting fibers such as the corpus callosum (Just et al., 2007). Our 
study confirms the presence of callosal abnormalities in the anterior 
regions of the corpus callosum. However we found no correlation between 
callosal measurements and ADS symptoms. Both TBSS and tractography 
analysis did not confirm the presence of cerebellar tracts abnormalities in 
ASD. Overall our findings in an adult sample agree with the notion that 
ASD is accompanied by general deficits  in brain connectivity as assessed 
by white matter tissue diffusivity properties.  Although these deficits may 
be of neurodevelopmental origin, they continue to persist into adulthood.
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Diffusion tensor imaging measurements are indirect quantitative indices of 
microstructural organization and integrity of white matter fibres. The 
number of streamlines  and the space they occupy are often considered 
surrogate measures of tract volumes. These measurements correlate  with 
behavioural performances in  healthy individuals and are sensitive 
markers of white matter atrophy in neurodegenerative disorders known to 
affect long-range white matter pathways (e.g. Alzherimer’s  disease or 
Primary Progressive aphasia). Similarly FA, MD and perpendicular 
diffusivity quantify water molecule displacement, which in turns depends 
on a number of biological factors, including diameter of axons, 
permeability of axonal membranes, density of axonal packaging, degree of 
myelination, parallelism of axonal fibres. In the adult healthy brain, 
anisotropy and mean diffusivity appear to be independent, i.e., the mean 
diffusivity is  uniform across all brain parenchyma irrespective of the 
anisotropy (Pierpaoli et al., 1996). This pattern of reduced anisotropy we 
found in ASD, but elevated MD and perpendicular diffusivity, is  commonly 
seen in DT-MRI studies of brain diseases where the integrity of the axonal 
membrane, or the myelin sheath, is  compromised leading to an increase in 
the diffusivity across the fibers. Intense inflammation and gliosis of white 
matter have been observed by some in post-mortem autistic brains 
(Vargas et al., 2005). Furthermore increased choline levels in the frontal 
white matter have been reported in ASD using magnetic resonance 
spectroscopy (Murphy et al., 2002). Increased choline levels are observed 
in disorders with high neuronal membrane turnover. If this is also the case 
in the population we studied then it may affect both fractional anisotropy 
and mean diffusivity due to breakdown of neuronal membranes and/or 
myelin sheet.
There are several limitations  to our study. It was a cross-sectional 
investigation restricted to adults with ASD. Our participants were 
diagnosed with either high functioning autism or Asperger’s syndrome. 
Clearly future studies are required including younger populations, and 
others from across the autistic spectrum. Also there was a significant 
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difference in the performance IQ between the two groups, which we have 
taken into account by co-varying for it in all our analyses. We only included 
men in order to optimize sample homogeneity. There is sexual dimorphism 
in arcuate tract development in the healthy population (Catani et al., 
2007), therefore these results may not generalize to females with ASD.  In 
addition, we did not include individuals with below average IQ, therefore 
results may not pertain to the substantial proportion of those with ASD and 
intellectual impairment. Last, crossing white matter fibres may lead to a 
spuriously low FA and higher MD since the diffusion tensor image 
acquisition is unable to fully capture the orientation of multidirectional 
fibres (Dell’Acqua et al., 2012). Nevertheless, the complementary 
approaches we adopted in this study allowed us  to overcome some of the 
limitations of both methods. The TBSS analysis allowed us to take an 
operator-independent approach and examine differences  in the whole 
white matter. TBSS is however affected by partial volumes effects, which 
may bias  measurement of white matter structures close to the ventricles 
(e.g. corpus callosum) or the cortex. In contrast, tractography allowed a 
‘supra-regional’ approach to be taken and it allowed us to test hypotheses 
about specific anatomical differences along single tracts even in normal-
appearing white matter.  This method of sampling the diffusivity indexes 
along the entire length of the tracts of interest seems particularly suited for 
neurodevelopmental disorders like ASD where changes are likely to occur 
along the entire course of the fibres, rather than be localised within 
circumscribed areas. Finally we were able to replicate previous findings 
except for the cerebellar tracts. The cerebellar tracts are difficult to dissect 
with tractography and results may have been contaminated by artifactual 
components.  Also differences in the acquisition parameters between our 
current study (lower number of directions, 3T scanner) and the previous 
one (Chapter 10) (higher number of directions, 1.5T scanner) may explain 
some of the differences. 
In summary, our results  suggest that adults with ASD have regional 
differences in brain anatomy, which are correlated with specific autistic 
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symptoms and traits.  We also demonstrated that ASD is associated with 
specific structural abnormalities of white matter fibres which is compatible 
with the concept of autism as an abnormal developmental connectivity 
syndrome of the frontal lobes.
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The research presented in this thesis used different experimental designs 
and complementary neuroimaging approaches for the study of the 
differneces in the brain anatomy of adults with ASD. Each method has 
some advantages  over the others and before commenting on the 
anatomical findings  reported in the thesis some general conclusions will 
be drawn on the complementary appraoches employed. 
The meta-analytical method used in Chapter 8 is a powerful exploratory 
tool to identify consistent and replicated findings in the literature. It allows 
to pool together findings from single studies and generate normalised 
maps that are representative of the published literature. It also has 
limitations that are mostly inherent to all meta-analytical approaches. 
Ideally one should obtain the raw images from the original studies rather 
than working on the coordinates provided in each study. Also different 
studies use different statistical thresholds  and many results may be 
underpowered to detect significant differences making it difficult to 
completely avoid false-negative results. Further there is a difficulty in 
determining the exact underlying biological correlates and differentiate 
between white matter density and volume. Often localization of the 
findings can be challenging, especially when differences are found in 
voxels occupied by more than one tract. Finally, in the majority of the 
studyies the population is not representative of the entire spectrum as 
many children and individuals  with low IQ are escluded (Radua et al., 
2011).
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The TBSS method employed in Chapter 12 has been recently developed 
by Smith et al., (2006) and offers many advantages over classical VBM 
methods applied to diffusion images. The ‘white matter skeleton’ derived 
from FA maps is a normalised mask that allows to extract signal from 
regions highly consistent across the population. Furthermore, it is 
generally less affected by partial volume effects, often due to 
contamination from the cortex or regions with CSF. Unfortunately, the 
method doesn not provide surrogate measures of volume and does not 
permit to test specific hypotheses related to the anatomy of individual 
tracts.  
The tractography approach used in Chapters 9, 10 and 11 is  a method that 
has been developed and refined by other laboratories and my group in the 
last ten years  (Catani et al., 2002; Catani et al., 2003; Catani et al., 2005; 
Catani et al., 2007; Catani and Thiebaut de Schotten 2008; Catani et al., 
2008; Pugliese et al., 2009; Craig et al., 2009; Thiebaut de Schotten et al., 
2011; Catani et al., 2012). It requires a priori anatomical knowledge and 
the operator needs to be trained for the analysis. The analysis is  also time 
consuming and requires a thorough evaluation of the dissected tracts  to 
exclude false positives and false negatives generated by the poor 
performances of the tensor model in regions with multiple fibre crossing 
and partial volumes. Nevertheless, tractography is the only method that 
allows to extract indirect volume measurements. The interpretation of 
tract-specific indices, however, is not always straightforward, especially in 
regions containing fibre crossing. 
Overall the findings presented in this thesis are derived from 
complementary approaches and this is one of the advantages of this work. 
The next paragraph will discuss  the validity of these findings. Conversely 
lack of consistency of some of the results it is probably due to the 
methodological differences between the several approaches adopted in 
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the thesis. Some possible methodological developments that could in part 
overcome these limitations will be discussed in the final paragraph.  
12.2 Anatomical considerations
The results  of my studies, irrespective of the methods employed, show 
that adults with ASD have significant white matter anatomical differences. 
These differences  are not global but affect discrete regions of the frontal 
lobes. The tracts  that are affected are the arcuate fasciculus, and in 
particular the fronto-parietal and the fronto-temporal segments, and the 
uncinate bundle. The differences in the cingulum were not evident in the 
meta-analysis but emerged as significant in the TBSS and tractography 
analysis. 
Recent genetic findings, coupled with emerging anatomical and functional 
imaging studies, suggest a potential unifying model for ASD in which 
higher-order association areas of the brain that normally connect to the 
frontal lobe are partially disconnected during development (Frith 2004; 
Courchesne, K. Pierce 2005; Geschwind and Levitt, 2007). A 
developmental disconnection mechanism in the ASD could result in the 
failure of certain connections to establish correct organization or a 
weakening of already formed connections (Geschwind and Levitt, 2007). 
Developmental abnormalities can occur at different stages of 
development. Neuronal migration and axon pathfinding, which establish 
proper positioning and patterning of basic connectivity, occur 
predominantly during the prenatal development, whereas dendritic 
development, synaptogenesis and pruning are characteristic of the 
postnatal stages. Prenatal and postnatale events occurs  at different times 
for different population of fibres (Deoni et al., 2011). Development of the 
corpus callosum , for example, begins very early, at approximately 8 
weeks of gestation and continues  at different rates for its  different parts. 
During fetal development the genu grows at a faster rate than the body 
and the splenium, but after birth, the splenium takes the lead in relative 
growth (Rakic and Yakovlev, 1968). Insults occurring at around 8 weeks of 
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gestation often result in almost complete callosal absence, a brain 
abnormality frequently associated with ASD (Booth et al., 2011). The 
association of callosal agenesis with ASD, and our findings of white matter 
abnormalities in the anterior parts of the corpus  callosum is indicative of a 
prenatal disconnection mechanism occuring during early stages of 
commissural development. 
Different mechanisms may occur for the arcuate fasciculus  and uncinate 
bundle. These tracts originate from homotypical cortex that corresponds to 
association cortex (Economo and Koskinas, 1925; Flechsig 1901). These 
regions are not well myelinated at birth and their development continues 
after birth during the first years of life. Postnatal neurobiological changes 
in these regions are associated with development of higher cognitive 
functions and in particular social cognition and behaviour. Several 
histological abnormalities  have been found in these regions  and their 
interconnecting fibres, suggesting that neurodevelopmental disconnection 
mechanisms occur postnatally in these association pathways. 
The anatomical differences I found in my study consisted mainly in 
reduced FA and streamlines and increased MD and perpendicular 
diffusivity. The direction of these abnormalities  is consistent with most DTI 
studies in ASD. As mentioned before, it is difficult to determine the exact 
biological underppining of these differences. Available data from post-
mortem studies points to abnormal development of frontal and temporal 
limbic structures (Bauman and Kemper, 2004, Palmen et al., 2004, 
Casanova, 2007). Reduced neural size and increased packing density 
within frontal and temporal limbic (grey matter) structures and white matter 
inflammation have been reported in ASD (Bauman and Kemper, 2005; 
Bailey et al., 1998; Vargas et al., 2005). Of particular importance is  the 
reported increased number of neuronal processing units, known as cortical 
minicolumns (Mountcastle, 1997), within frontal and temporal cortex in 
post-mortem studies of ASD versus controls (Casanova et al., 2002a, b). 
Minicolumns are highly inter-connected, and a greater number of 
minicolumns could result in increased formation of short-range 
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(intracortical) connections and disrupted maturation of long-range 
connections linking distant regions in ASD (Casanova, 2004). Thus, a 
possible interpretation of our findings is that ASD pathology induces white 
matter changes in the long white matter connections consisting of axons 
with larger diameter and reduced myelination. This  intepration is in part 
confirmed by a recent post-mortem study in ASD where reduced myelin 
thickness was found in the frontal white matter (Zikopoulos and Barbas, 
2010).
These findings support the conclusion that DTI is a sensitive method to 
detect in vivo white matter pathology within the arcuate and limbic 
pathways in ASD. In the future combined DTI and post-mortem analysis 
studies are necessary to understand the exact correspondance between in 
vivo DTI changes and underlying white matter pathology. 
 
12.3 Potential functional correlates of white matter damage 
The arcuate fasciculus is a multifibre pathway with a role in many cognitive 
domains, including language, praxis  and social function. Correlations were 
not found with many tests assessing functions  related to the arcuate 
fasciculus. A possible explanation is related to the lack of a comprehensive 
language battery in our studies. The only measurements  of language 
related performances were derived from the four subtests  of the Wechsler 
Abbreviated Scale of Intelligence (WASI), which provides an estimate of 
verbal IQ. Neverhteless, anatomical abnormalities  in the anterior segment 
of the arcuate fasciculus  correlated with the number of errors (same word 
repetitions) during the verbal fluency task. Similaly, greater abnormalities 
in the anterior segments were found in those ASD subjects with a history 
of significant echolalia in childhood. Repetitions of words occurs in other 
acquired brain conditions (Gotts et al., 2002). For example in people with 
stroke aphasia perseveration is frequently associated with lesions of the 
inferior fronto-parietal regions, which correspond to the location of the 
anterior segment. Perseveration in aphasia refers to the inappropriate 
repetition or continuation of a previous response when a different 
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response is expected and it is generally thought to reflect the persistence 
of recently processed information and the failure of current stimulus 
processing to override this persistence (Hudson 1968). Mendez (2002) 
reported a case of a patient who became near-mute with little 
spontaneous verbal output after left hemipshere stroke. The patient 
retained the ability to repeat phrases and sentences fluently and at 
unpredictable moments he would lapse into an echolalic mode, parroting 
the comments of the examiner. Magnetic resonance imaging revealed a 
left middle cerebral artery stroke that spared the left perisylvian region. 
Wernicke's area and the pars  triangularis  and opercularis of the inferior 
frontal gyrus were spared.
One could speculate that a potential role of the anterior segment of the 
arcuate fasciculus  is to convey those afferent auditory input to Broca’s 
region that in normal conditions permit to override persistent activity. Tus, 
damage to these connections would lead to the persistence of recently 
processed information making delayed acholalia and perseveration more 
likely. Future DTI studies in children with delayed echolalia will allow to 
confirm this hypothesis. 
The uncinate fasciculus  is the major association tract between anterior 
temporal regions, including the amygdala and temporal pole cortex, and 
the oribitofrontal cortex. In our study a greater damage to the uncinate 
fasciculus was found in those ASD subjects who were severly impaired in 
the use of facial expression in childhood. Recent tractography studies 
suggest a role for this tract in facial processing. The orbitofrontal cortex is 
involved in face encoding and emotional processing associated with face 
perception. In patients  undergoing neurosurgery for brain tumour damage 
to the uncinate fasciculus was found associated with severe impairment in 
tasks involving naming famous people (Papagno et al., 2011).     
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Many studies have examined the network of neural structures  involved in 
face processing in ASD. Most studies found decreased amygdala 
activation in ASD compared to controls in response to neutral and 
emotional facial displays. (Ashwin et al., 2007; Critchley et al. 2000; 
Dapretto et al. 2006; Grelotti et al. 2005; Hadjikhani et al. 2007; Pelphrey 
et al. 2007; Pinkham et al. 2008). The orbitofrontal cortex, is also highly 
involved in processing social stimuli (Adolphs  2001) and consistent with 
the amygdala findings, most studies found reduced activation in various 
areas of the ventral prefrontal cortex in ASD compared to controls  in 
response to facial processing (Pinkham et al., 2008; Ashwin et al., 2007; 
Dapretto et al., 2006; Hadjikhani et al., 2006; Dichter and Belger 2007). 
Our findings provide further eviodence for a dysfunction of the amydgala-
orbitofrontal cortex network in ASD. 
We found no correlations between tract-specific measurments and 
severity of concurrent clinical symptoms in adulthood as measured by the 
ADOS. One possible explanation for this negative finding is that 
individuals with ASD compensate for their childhood deficits through 
observation of other people and alternative modes of communication. This 
may result in changes at a cortical or functional level, thus generating a 
mismatch between white matter abnormalities and the level of symptoms 
severity. This explanation would apply not only to the uncinate fasciculus, 
but to all tracts  in general. It is also possible that complex functions may 
rely on networks mediated by multiples tracts. In this case ASD symptoms 
could result from damage occurring in different connections of the network 
rather than one single tract.  
12.4 Future directions
The results  of this  thesis represent a valid step towards our understanding 
of white matter abnormalilties in ASD. The lack of specificity of current 
diffusion indices  (i.e., diffusion changes depend on a number of biological, 
biochemical and microstructural factors) (Jones 2010) and the intrinsic 
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voxel-specific rather than fibre-specific information derived from current 
indices hinders the possibility of drawing definitive conclusions on the 
biological correlates of the findings. Novel approaches are needed for 
future studies in ADS. Tractometry (Catani 2006; Bells  et al., 2011), is an 
interesting novel approach that tries to combine tractography with the 
quantitative mapping along individual tracts of complementary 
neuroimaging measurements based on, for example, relaxometry, 
magnetization transfer ratio (Cercignani and Alexander 2006), myelinated 
water fraction (Deoni et al., 2008) or multicompartmental diffusion indices 
(Assaf and Basser 2005; Alexander 2008). More recently, true tractspecific 
indices based on spherical deconvolution that better describe the 
microstructural diffusion changes of individual crossing fibres  within the 
same voxel have been proposed. In my studies I have not used more 
advanced method as the validity of these approaches in clinical 
populations are still being tested. However in the future I intend to use 
spherical deconvolution tractography combined with other methods to 
obtain true specific tissue microstructure indices, such as axonal diameter 
distributions or axonal density (Assaf et al., 2008; Alexander et al., 2010; 
Zhang, 2012) and assess possible tract specific pathological changes in 
ASD. This  approach will be adopted to animal models and post-mortem 
human samples for an histological validation of the in vivo findings. 
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